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Abstract

The Prince Colliery is located offshore of Point Aconi, Cape Breton , Nova Scotia. The
colliery is presently extracting coal from the Hub seam of the Morien Group, part of the
Carboniferous Sydney Basin. Directly overlying the Hub seam is a channel sandstone
body which contains formation water. Water was sampled directly from the roof before
mining as well as from collapsed areas (gob areas) after mining.

Two formation waters were identified, (1) a low salinity formation water with Na/Cl
ratios between 0.87 and 0.72 and chloride concentrations up to 11 200 mg/L, (2) a high
salinity formation water with Na/Cl ratios between 0.6 and 0.7 and chloride
concentrations between 24 400 and 30 000 mg/L. Gob water samples have chemistries
similar to the high salinity formation water even at sampling depths similar to the low
salinity formation water. Gob water samples have Na/Cl ratios between 0.6 and 0.7 and
chloride concentrations up to 28 000 mg/L. The high salinity formation water and the
gob waters are enriched in Br.

A 24 cm mudstone divides the channel sandstone body overlying the Hub coal seam into
two sandstone units. The upper sandstone (8.56 m thick) has vertical permeabilities up to
20.9 mD and the lower sandstone (1.56 m thick) has vertical permeabilities up to 1.33
mD. A vertical salinity profile constructed from geophysical data for drill hole P6 reveals
the more saline formation water overlies the low salinity formation water.

The channel sandstone body or aquifer overlying the Hub coal seam is
compartmentalized by an area of low permeability which separates two distinct formation
waters.

The chemistry of the high salinity formation water suggests that it is related to lower
basinal brines. The low salinity formation water is a mixture of the high salinity
formation water and a dilute ocean water end member. Mixing probably took place
during geologic time. The gob waters are shown to be a mixture of these two formation
waters and not sourced by the overlying modern seawater. Mixing models completed for
the gob water samples support this conclusion.

Key Words: Compartmentalized, Formation Waters, Brine, Aquifer, Permeability,
Chloride, Bromide, Na/Cl ratio, Salinity, Colliery, Gob.
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CHAPTER 1 INTRODUCTION 6

interbedded with sandstone-dominated units (Gibling and Bird 1994). The sandstone-dominated
units are fine- to coarse-grained and form channel-fill deposits between 2.5 m to 20 m thick
(Gibling and Bird 1994). This study looks at the formation water contained within the sandstone

aquifer overlying the Hub seam.

1.2 Previous Work

Previous work on the area has focused mainly on the stratigraphy and sedimentology of
the Morien Group and specifically the Sydney Mines Formation. The Geological Survey of
Canada used multibeam swath bathymetry and reflection seismic profiles to identify geologic
structures in the area to aid in mine planning (Duggan 1995). A number of internal reports were
produced by CBDC involving the Prince Colliery for the purpose of mine planning and safety.
Calder (1987) produced a report discussing the stratigraphy and sedimentology of the Hub seam
roof strata of the Prince Colliery. From this report it was determined that:

* Drill Holes H-12B and P-6 intersect a channel sandstone body overlying the Hub seam

* Holes H12, P5 and H12A do not intersect the large sandstone body

» the channel sandstone body trends northwest-southeast

* and both the Hub coal seam and the overlying channel sandstone body are terminated to the
northwest by the Mountain Fault.

As mining progresses in the colliery, geologic data are continuously being acquired to evaluate

the integrity of the roof rock.

A major project, of which this study is a part, is the first large scale analysis of the

formation water chemistry above the Hub coal seam at Prince Colliery.
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CHAPTER 2 METHODS

2.0 Introduction

Water analyses were completed by CBDC (1986-1995) and by Dr. A.T. Martel
(1996). Samples were taken from water dripping from the roof of the mine and water
flowing out of collapsed mined areas during various stages of mine development.
Groundwater was sampled by ADI Nolan Davis between December 1994 and September
1995. All samples were analyzed for major ion chemistry. Water sampled by Martel
(1996) was also analyzed for selected stable isotopes (**S ) and bromide. Six rock
samples were collected from core P6 and petrographic analyses were completed for each.
Information on the overlying sandstone was provided from Drill Core P6 as well as from

roof boreholes drilled by CBDC within the Colliery.

2.1 Major lon Chemistry

2.1.1 Water Sampling Procedures

Water could only be sampled where it was dripping from the overlying sandstone
body. Water drips commonly stop a short time after the tunnel has been driven and
because of this water sampling is restricted to specific areas. Water was sampled from
drips from the sandstone roof or from boreholes drilled into the roof. Martel (1996) took
one roof sample from a borehole and three samples from water flowing out of collapsed

mined areas. Water was sampled in separate Nalgene bottles and immediately sent for
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and permeability analyses by CBDC; and measurements were completed by Core

Laboratory’s Canada Ltd. in 1979.

2.2.1 Analysis of Core Samples

Blue epoxy was applied to the rock samples and they were then mounted on slides
at Dalhousie University and cut to 0.03 mm thickness. Petrographic descriptions were
completed for each thin section. Visual estimates were made to approximate maturity,
sorting, mineral percentages, pore abundance and percentage of porés filled with
kaolinite. Average grain and pore size were calculated by measuring the longest
dimension of a minimum of 20 random grains/pores throughout the thin section and
averaging these measurements. Sorting and roundness (maturity) were estimated using
charts from Tucker (1981) based on Pettijohn ez al. (1973).

Microprobe analyses were completed at Dalhousie University for samples P6-2

and P6-6 on carbonate grains to identify their composition.
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Connection
of Drivage Tunnels

— Area of
Coal Extraction

Drivage Tunnels —p

Main Shaft

Figure 3.2 Diagramatic explanation of Retreat
Longwall Mining (plan view).
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3.1 Surficial Groundwaters

Surficial groundwater samples (Table 3.1) were collected by ADI Nolan Davis are
used here as a “baseline” for surficial groundwaters in the Sydney Coalfield area. Water
was sampled from Quaternary sediments and bedrock at the Point Aconi Power Plant,
Cape Breton (Figure 1.3). The groundwater samples consist of two populations, a more
calcic population and a more sodic population which is also more saline. This
relationship is clearly seen on a piper plot. The more sodic water was sampled from
Forebay well and plot in close proximity to the Prince Formation waters (Figure 3.3).
Forebay well shows a more ocean-like character than the other groundwater samples and

plots near ocean water on the HCO; , Cl, SO, and central rectangular fields.

3.2 Major lon Chemistry

3.2.1 Geophysical Logs

Gamma ray, neutron porosity, density and resistivity logs were used to calculate a
salinity profile of drill hole P6. Calculations were completed on the computer program
NLS (Figure 3.4; Shimeld 1997). To calculate the resistivity of the water (R,,), data
points in non-shaley units had to be identified and the porosity of the rock had to be
calculated. Porosity calculations were completed using an equation (Schlumberger 1991)
which relates neutron porosity and density logs to the porosity of the rock. The gamma

ray and neutron porosity logs were used to identify non-shaley intervals in core P6. The









CHAPTER 3 DATA

16

DEFIN| S INPUT WELL DETERMINE COMBINATION
E DEFAULT — LOG DATA —— OF RESISTIVITY CURVES
AVAILABLE 3
~ INTERP ;
e | INTERPOLATE % SAND BASELINES
; LOAD BOREHOLE Ramm— I §gﬁ’;‘f&g’“ WATER b BASED ON USER
| DATA - SUPPLIED GAMMARAY (GR)
i o SAMPLE DEPTH VALUES
e ’//—‘ T
T T . T — " CALCULATION
~~ CALCULATE SHALE ™ // BOREHOLE SHALE ~ / POROSITY
/ VOLUME AND APPLY N — {  CORRECTIONSTOGR | | USING DENSITY e
NECESSARY ) \ RESISTIVITY AND / - > \ & NEUTRON
\_  CORRECTIONSFOR  / “._ DENSITY CURVES . POROSITY CURVES
“_NON-LINEAR RESPONSE - p— T
el P R
\__‘_______,,//’
//, \\\ P . -
T 7 ESTMATETRUE . ‘
{ MEASURED | / SIS S \ CONVERT RESISTIVY \
\ Vs / R— \ USING CORRECTED ) — WITH DEPTH TO i
\ PREDICTED / \._ RESISTIVIES CURVES -~ RESISTIVITY AT B
\ POROSITY — T e REFERENCE TEMPERATURE
o / Rt IS
EXTRACT NON-SHALEY
| SAVE > INTERVALS USING USER - » REMOVE —_—
| CORRECTED SPECIFIED VOLUME OF | ERRONEOUS
CURVESH SHALE CUT OFF DATA
/ CALCULATERW ™
SELECT DATA SAMPLES ‘ /7 CB?&EE;}?S‘;X@ or N
WITHIN THE USER- { " ]
SPECIFIED MOVING —> \ o Ao/ —» ADVANCE WINDOW J—

WINDOW ; -

—— e

AND REPEAT INTERATION
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data points within these non-shaley intervals were used to calculate R, and m in Archie’s

Law which can be rearranged into the following equation:

R\
f= ((?) ¢) (3.1)

¢

Where R, is the resistivity of the rock, m is the cementation factor and ¢, is the
porosity. fis the difference between the porosity calculated from the geophysical logs (¢)
and the porosity calculated using Archie’s Law. Values of R, and m are optimal when f
is at a minimum. Minimization of the function was completed using a robust nonlinear
regression technique from Entyre (1992). Hydraulic conductivity was then calculated
using R,,. Salinity was calculated using an empirical equation from Bateman and Konen
(1977). The equation was developed for calculating the salinity of Na-Cl waters.
Although the formation waters at Prince Colliery are predominatly Na-Cl waters, the
calculated salinities should still only be used as an approximation of the actual salinity
values.

The results show two populations of total dissolved solids, averaging 65 ppt and
12 ppt (Figure 3.5). With increasing depth the salinity of the formation Waterbdecreases.

The change in salinity occurs over a short depth interval at approximately 230 m depth.

3.2.2 Major lon Chemistry of Deep Groundwaters

The chemistry of the water sampled (Table 3.2) in the Prince Colliery also shows
a salinity variation. Chloride increases sharply between water sampled from 266 m and
281 m depth below sealevel (11 700 mg/L to 24 405 mg/L) (Figure 3.6). In this 15m

interval the chloride concentration increase is 861 mg/L per metre. Formation waters






VIVA € ¥41dVHD

SITE

SAMPLE # DATE MINE SECTION DISCRIPTION  SOURCE Na K Ca Mg ALKALINITY
CBDC-43 12/20/88 PRINCE S8WT ROOF formation 3200 64 463 175 210
CBDC-518 15-Jan-86 PRINCE 4WWF Drip from SS roof formation 2650.0 52.0 3450 93.0 177.0
CBDC-559 07-Feb-90 PRINCE 4 Decline Drip from SS roof formation 5200.0 81.0 1030.0 294.0 160.0
CBDC-594 30-Apr-91  PRINCE 9w Drip from SS roof formation 5590 90 1370 402 76.0
CBDC-570 25-Apr-90 PRINCE 6 WWF gob 7230.0 112.0 1900.0 830.0 1.0
CBDC-571 25-Apr-90 PRINCE 5WB gob 6770.0 104.0 1900.0 660.0 1.0
CBDC-602 16-Aug-91 PRINCE 9 WWF Drip from SS roof formation 4830.0 72.0 991.0 302.0 140.0
CBDC-673 16-Jul-94  PRINCE 13 WT x-cut# 3 gob 9000.0 180.0 2800.0 1120.0 0.4
CBDC-674 19-Aug-94 PRINCE 13 WT x-cut#3 gob 8640.0 163.0 2675.0 1060.0 3.5
CBDC-676 27-Oct-94 PRINCE 14 WB Drip from borehole formation 11100.0 93.0 4090.0 1135.0 44.9
CBDC-679 11-Jan-95 PRINCE 13 WT x-cut#2 gob 10175.0 174.3 3470.0 1473.0 0.4
CBDC-680 23-Jan-95 PRINCE 13 WT x-cut#3 gob 9000.0 159.0 3018.0 1163.0 23.1
CBDC-681 11-Apr-95 PRINCE 13 WT x-cut#2 gob 9145.0 164.0 2760.0 1265.0 0.4
CBDC-684 18-Oct-95 PRINCE 14 WT x-cut #1 gob 11400.0 141.0 3210.0 1470.0 0.0
DAL Pr 7WB 26-Aug-95 PRINCE 7WB gob 5615.0 66.9 2025.0 871.0 <0.4
JAL Pr 10WE 26-Aug-95 PRINCE 10WB gob 8070.0 126.0 2535.0 1290.0 <0.4
Jal Pr 12 WE 26-Aug-95 PRINCE 12 WB gob 10700.0 153.0 4280.0 1625.0 <0.4
Dal Pr4D 26-Aug-95 PRINCE 4Decline Drip from borehole formation 11900.0 108.0 4345.0 1145.0 31.5

Pr-3 01-Jul-97  PRINCE 15 W Drip from SS roof formation 10580.0 3320.0 958.0 105.0

Table 3.2 Species measurements are in mg/L. unless otherwise indicated.

61



Conductivity pH (pH

SAMPLE # HCO3 CO3 S04 Cl NH3 Mn Fe (umhos/cm) units) lon Sum Na/Cl Depth (m)
CBDC-43 2 6100 1.9 043 6.8 22350 7.7 178.4404 0.81 unknown
CBDC-518 1.3 1756 24 47000 1.4 02 0.0 13356.0 7.9 7845.5 0.87 192.0
CBDC-559 158.0 1.9 12.0 11200.0 3.9 0.8 0.9 38400.0 8.1 17981.3 0.72 266.0
CBDC-594 75.8 0.23 3 11100 2.9 2.47 40000 7.5 18634 0.78 240.5
CBDC-570 1870.0 16700.0 3.7 32.0 197.0 63000.0 29 288774 0.67 219.8
CBDC-571 1420.0 15600.0 3.1 14.0 32.0 56100.0 27  26504.1 0.67 215.2
CBDC-602 139.0 0.5 2.0 10000.0 3.1 05 04 35400.0 7.6  16340.0 0.74 240.5
CBDC-673 0.0 0.0 1978.7 21330.0 3.8 19.8  47900.0 5.2  36478.9 0.65 260.5
CBDC-674 0.0 0.0 1983.5 21830.0 3.5 6.7 28.4  85000.0 5.6 364554 0.61 260.5
CBDC-676 44.2 0.0 3.6 27105.0 5.8 1.8 5.1 107200.0 6.7 43651.8 0.63 312.5
CBDC-679 0.4 0.0 2063.7 243180 54 95.4  98300.0 3.1 41865.0 0.65 269.5
CBDC-680 23.1 0.0 1678.8 214100 2.6 39.4  85700.0 59 36533.9 0.65 260.5
CBDC-681 0.0 0.0 1810.0 20815.0 2.2 79.4  85300.0 5.2  36081.7 0.68 269.5
CBDC-684 0.0 0.0 1914.8 252420 4.7 246  89600.0 49  43876.7 0.70 294 .4
DALPr7WB 0.4 0.0 22350 134400 3.0 187.0  35300.0 26 242531 0.64 223.7
JAL Pr10WE 0.4 0.0 2313.0 20550.0 4.0 712.0 48800.0 40 34884.2 0.61 265.8
JalPr12WE 0.4 0.0 1633.0 27950.0 4.8 149.0 63500.0 4.4 463412 0.59 2901
DalPr4D 31.2 0.2 <1 30230.0 6.1 4.5 67700.0 7.9 477479 0.61 330.7
Pr-3 105.0 3.7 24405.0 0.7 7.5 52300.0 7.3  39433.8 0.67 280.9

Table 3.2 Species measurements are in mg/L unless otherwise indicated.

V.LVQd € Y4LdVHD
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were separated on either side of this division into low salinity formation waters (LSFW)
and high salinity formation waters (HSFW). The LSFW range between 4700 - 11 700
mg/L. Samples become more saline down dip over a vertical interval of 74 m at a rate of
only 87.8 mg/L per metre. The gob waters increase by 164.8 mg/L per metre over a 75 m
interval down dip, which is slightly greater than the increase shown by the HSFW (116
mg/L per metre). Gob waters sampled from the same depth as LSFW exhibit much
higher chloride concentrations.

The Na/Cl ratio (Figure 3.7) ovf the LSFW decreases with depth and ranges
between 0.87 and 0.72. The HSFW and gob waters have Na/Cl ratios between 0.6 - 0.7.
Modern ocean water offshore Sydney and the Forebay well have Na/Cl ratios ranging
between 0.96 - 0.81. The LSFW exhibits different Na/Cl ratios and chloride
concentrations than gob waters at similar depths. The LSFW plot as an intermediate
between Forebay well and the gob waters with respect to Cl (Figure 3.8)

The gob and high salinity formation water samples are enriched in bromide with
respect to ocean water (Figure 3.9). Bromide and chloride are both conservative elements
because there are limited sources and sinks for them in the hydrological cycle. They do
not participate in water/rock reactions (Hanor 1994) so the main source and sink for these

ions is evaporite deposits (Berner and Berner 1996).
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Figure 3.8 Na/Cl ratio versus Chloride (mmoles/L). The LSFW plot as an intermediate

between Forebay well and the gob waters. Local ocean water was sampled by CBDC,
offshore Cape Breton.
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Bromide versus Chloride
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Figure 3.9 Bromide (ppb) versus Chioride (ppm).
Prince waters are enriched in bromide with respect to the seawater evaporation curve,
* Seawater evapration curve from McCaffrey et al. (1987).
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On plots of Na and Ca ions versus Cl (Figure 3.10a & b), gob waters fall on a line
intermediate between the high and low salinity formation waters. This relationship is
also true for potassium. Alkalinity (Figure 3.11), sulphate (Figure 3.12) and to a lesser
extent magnesium (Figure 3.13) do not follow this trend. The gob samples are enriched
in sulphate, slightly enriched in magnesium and have below detectable carbonate
alkalinity. Sulphate concentrations are as high as those measured in ocean water, but S

and '®0 in sulphate are more variable (Figure 3.14).



Calcium (mmoles/L)
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Figure 3.10 (a) Sodium versus Chloride, (b) Calcium versus Chioride.
LSFW intermediate between Forebay well and the HSFW in both (a) and (b).
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Alkalinity versus Chloride
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Figure 3.11 Alkalinity (carbonate) versus Chioride (mmoles/L).
Gob water samples have very little carbonate alkalinity.
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the basal 0.30 m is a mixture of mudstone and siltstone. The lowest unit in the core is
siltstone which contains small ironstone nodules.

A gamma ray log of P6 (Figure 4.2) shows a strong peak at approximately 230
mbkb that divides the sandstone into two distinct bodies that are marked by a mudstone
visible in core P6 at approximately 230m. This depth also corresponds to the
approximate division between the low and high salinity waters on the calculated salinity

profile. There is a 1.3 m shift between the gamma ray log and the actual core (Schimeld

1997)

4.2 Roof Borehole Data

Boreholes between 6 and 18 m long were drilled into the roof above the coal at
various locations within the Colliery. The purpose of the boreholes is to collect data on
the roof quality. Twenty-nine of these boreholes have intersected a sandstone body. The
borehole logs have been corrected for dip and the angle of the borehole. The stratigraphic
sections indicate grain size (mudstone, shale, siltstone, sandstone - fine, medium, coarse)
and the presence of plant fossils, rock fragments and/or ironstone nodules. No porosity or
permeability data are available for the roof boreholes. A generalized cross section was
constructed using boreholes 50, 42, 43, 40 and core P6 combined with knowledge of the
overlying formation water chemistry (Figure 4.3a & b). The mudstone unit identified in
core P6 can be correlated approximately 70 m in a direction roughly perpendicular to the

paleoflow.
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4.3 Porosity and Permeability Data

Porosity and permeability measurements were completed for core P6 (Core
Laboratory’s Canada; Table 4.1). Porosity in P6 is fairly constant at about 13% but
permeability is more variable (Figure 4.4). The upper sandstone has a distinctly higher

permeability (up to 20.0 mD., vertical permeability) than the lower sandstone body.

4.4 Petrographic Data

Petrographic descriptions were completed for the six samples taken from drill
core P6 (Figure 1)

4.4.1 Summary of Petrographic Data

The sandstone consists predominatly of quartz with common lithic grains (e.g.
mica, metamorphic grains; average 15%). The grain size average ranges between 0.1
and 0.54 mm. Grains in thin section are sub-angular and sub-rounded with low apparent
sphericity. Pore spaces average between 8 - 20 % in thin section. Pore shape is generally
irregular but some pores are elongate and well formed. The inferred diagenetic history is
similar for all thin sections (Figure 4.5).

There is a striking difference between two groups of thin sections. Thin sections
P6-1 and -6 are well sorted with average grain sizes of 0.1 - 0.2 mm. Silica has been
deposited as overgrowths on the boundaries of quartz grains (App. 2, Figure P6-1a).

Thin sections P6-2 to -5 have a more angular grain shape and larger average grain

(0.5 - 0.54 mm) and pore sizes (as large as 1.5 mm). Good connectivity between pores



CHAPTER 4 ROCK BODY

60

554

50 o

A

i
i

i

I

Mudstone 40 +

i

b

:_.:_[;‘; H]

Shale

35

HUHE
I!I! !ll

Siltstone

Sandstone (fine grained) 30 o

e
. m n‘-
3| Sandstone (medium grained = g
Aot — ’ ‘.. g
o :-: ‘4 Sandstone (coarse grained) 254 :": ‘|
Plant Fossils 7
20 b
@  Rock Fragmenis R
@  lronstone Nodule R,
15 & .-':‘-: ','.
10 —= ;

1
it

A
*

e
e

Il

Hub Sea{m

A PM-50
Figure 4.3b Generalized cross section of sandstone body perpendicular to palacoflow.

PM-43 PM-42 P-6 PM-40 Al



CHAPTER 4 ROCK BODY

Vertical
Sample Porosity (%) Permeability (mD.)

1 14.9 3.8
2 135 0.41
3 13.9 2.1
4 14.1 20.9
5 16.9 18.7
6 14.9 14.9
7 14.8 4.08
8 15.8 7.43
9 15.5 no data
10 12.3 10.6
11 1.4 0.2
12 13.9 0.67
13 11.8 1.33

Table 4.1 Porosity and vertical permeability measurments completed
for core P6.
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Figure 4.5 Diagenic history of thin sections from core P6.

|44



CHAPTER 4 ROCK BODY 42
can be recognized in thin section (App. 2, Figure P6-4a). Thin sections P6-2 to -5
contain siderite (App. 2, Figure P6-2a) varying in size between small clusters (< 0.1 mm)
and euhedral grains (0.4 mm). The siderite fills some pores but generally is present
around pore boundaries as individual crystals. Thin section P6-6 also contains this
carbonate, but it is pore filling and more abundant and darker colored (App. 2, Figure P6-
6a) than in other thin sections. In thin section P6-6 the siderite contains very little Mg as
compared with P6-2. The more euhedral siderites are compositionally zoned with

varying amount of Mg (App. 2, P6-2b).

4.5 General Conclusions

A 24 cm mudstone divides the channel sandstone body, overlying the Hub coal
seam, into two units, a large upper sandstone (8.56 m) and a smaller lower sandstone
(2.56 m). The lower sandstone can be correlated approximately 70 m from core P6 to
borehole PM-50 (Figure 4.3b). The lithology logs were not detailed enough to correlate
with units down dip.

The sandstone units are mineralogically very similar in core P6, the main
differences between them are the amount of permeability and their size. The upper
sandstone is larger and more permeable than the lower sandstone (Figure 4.4). This
difference in permeability can be seen in thin sections P6-1 and P6-6. Both thin sections
are from the topmost portion of the upper and lower sandstone units respectively.
Although these two thin sections are similar in grain size, degree of sorting, and maturity,
the permeability of P6-1 is up to 19 times greater than the permeability measured for P6-6

(up to 3.8 and 0.2 mD vertical permeability respectively).
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CHAPTER 5 MODELING

5.0 Introduction

Two hypotheses were tested using the hydrochemical program Hydrowin: (1) that
the gob waters are a mixture of high and low salinity waters from the overlying strata,
and (2) that the LSFW are the mixing product of high (HSFW) and low (Forebay well)
salinity end-members. To test hypothesis (1), I mixed selected high and low salinity
- formation waters to approximate specific gob waters-using Hydrowin. Water samples...
were mixed from similar depths (Figure 5.1). I also attempted to quantify this mixture
using a Piper plot.

To test hypothesis (2), two modeling steps were completed:

(a) Groundwater and ocean water were mixed to confirm a groundwater/ocean
composition for Forebay well and

(b) Forebay well and the most saline HSFW sample were mixed to approximate all (4)
LSFW samples.

I also attempted to quantify a mixture between the HSFW and Forebay well using a Piper

plot.
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5.1 Hydrowin

5.1.1 Method

Hydrowin mixes two selected waters (i & j) in 2% increments until the best
possible match is made using the specified ions. The closest match is indicated by the

smallest Euclidean distance according to the following equation:

[ n 1
ya
dijzzt k2t
n

/ \
(i i)

where x; is the kth variable measured on sample i, x; is the kth variable measured on
sample j, and n denotes the total number of specified parameters (e.g. species, ions). The
optimum sample concentration is reached when d;; (the distance between samples i and j )
is at a minimum.

This model is limited. Because mixing is done in 2% increments, the equation
puts more weight on species with high concentrations and the thermodynamic and
solubility relations of the two solutions are not considered. The consequences of these
limitations are that if a better match can be made at 81.6% instead of 82%, it will not be
recognized, species in small concentrations (with respect to the others selected as
parameters) may not match well, and any two solutions can be mixed and provide a

solution even if the answer is not chemically reasonable.
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Three series of mixes were completed:
LSFW + HSFW — Gob water
Groundwater + Ocean — Forebay

HSFW + Forebay — LSFW

5.2 Gob Waters

LSFW sample CBDC 559 and HSFW sample Pr-3 were mixed using Hydrowin in

an attempt to reproduce five gob water chemistries (CBDC 673, 679, 680, 681 and

Dal12WB) (Figure 5.2). Ideally the end-mefhber waters should have been sampled from
similar locations. The chemistry of the low and high salinity formation water varies
down dip and the chemistry of the gob waters is a function of the area they drain. The
end-members selected are within 15 m depth, but their spatial locations within the mine
are more varied (up to ~150 m). Therefore, the selected end-member samples are only
approximate.

Mixtures were optimized using Na, Cl, Mg, and Ca as parameters. Four out of the
five models most closely approximated the gob waters (Figure 5.3A, B, C & D). The
Na/Cl ratios of these optimized samples were within 0.03 of the actual samples. Sample
Dal-10WB was also closely approximated, but the difference in Na/Cl ratio was greater
(0.07) than the other four. All samples were a good fit considering the limitations of
Hydrowin.

Gob samples CBDC 673, 679, 680 and 681 are from the same tunnel (#13) but,

they drain different locations (Figure 5.2), and were sampled at different times during
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mine development (Table 3.1). The different models for samples CBDC 679 and 681 are
a result of their different chemistries. The chemistry variation between these two sample
may be the result of mining in the area but without more information the cause cannot be
confirmed.

For all models, the Na, Cl, and Ca concentrations were most closely approximated
by Hydrowin and in each case Mg was under-calculated. These results indicate that, for
the area tested, the mixture of end-members is consistent with the gob chemistry (Figure

5.3). The elevated magnesium in the actual samples supports the hypothesis that gob

waters are gaining magnesium within the gob.

5.3 LSFW

The Na/Cl ratio of the least saline LSFW sample issimilar to ocean water, but is
not as saline (Figure 3.7 and 3.8). Therefore, dilution of the HSFW with seawater alone
would not have produced the LSFW concentrations that were present in the lower
sandstone body. Most surficial groundwater is not saline enough to affect the ionic
ratios of the brine, therefore, I have interpreted the dilute end-member as a dilute ocean
water.

The Forebay well is located very near the seacoast and has experienced increased
seawater invasion with time (Baechler 1996 pers. comm.). The Na/Cl ratio of the water is
within the range measured for ocean water by CBDC offshore Cape Breton. The Forebay
well is thus taken as having the approximate chemical fingerprint of the original dilute

ocean-meteoric end-member. The Forebay well was modeled using a mix between 14
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surficial groundwater samples, collected at Point Aconi Power Station within a square
kilometre, and the ocean water sample CBDC 614. The Na/Cl ratio of this ocean water

sample was closest to the Forebay well ratio and was sampled at Point Aconi.

5.3.1 Forebay well

K, Mg, Ca, Na and CI (mg/L) were the ions selected as parameters. Only one
Forebay sample (Dec 19, 1994; refer Table 3.1) was used because the concentrations of

the data that were available for this study, are very similar. Hydrowin produced

optimized concentrations of Forebay well which were 84% surficial groun dwater and.
16% ocean water (Figure 5.4). Na, Cl and Ca were the best approximated ions. Mg and

K were assigned values by the program greater than the sampled concentrations.

The reason for the discrepancy is probably that the original end-members can only

been approximated. These mixtures still provide a rough approximation of Forebay well

composition.

5.3.2 LSFW

The most saline HSFW (4 Decline) was mixed with one sample from Forebay
well (Dec 19, 1995; refer to Table 3.1) in an attempt to approximate the compositions
for four LSFW samples (Figure 5.5). Na and Cl optimized concentrations most closely
approximate the actual samples, but Na concentrations were consistently under-estimated
(as much as 581.6 mg/L) and Cl concentrations were over- and underestimated (as much

as +340.4 and -36 mg/L). The optimized concentrations for K were less than the
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measured sample and Mg and Ca were greater than the measured sample. The variations

are most likely due to the fact that the original end-members can only be approximated.

5.3 Quantitative Mixture (Piper 1944)

I attempted to quantify the mixtures of LSFW and gob waters discussed above
using a Piper diagram (refer Piper 1944 for procedures). This technique is meant for
“simple” mixtures between two waters (i.e. no water rock reactions). The mixtures did
not satisfy the necessary criteria. This indicates that gob waters may have participated in
therefore not “simple” mixtures. The most obvious reason for the discrepancy between
the modeled and measured values for the Forebay well and HSFW mixture, is because

they are only approximations of the original end-members for the LSFW.
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CHAPTER 6 INTERPRETATIONS

6.0 Introduction

This study has identified two formation waters within the aquifer above the Hub
coal seam, a HSFW and a LSFW. Two models are suggested for the origin of the LSFW
(1) mixture with a dilute ocean (ocean-meteoric) water end-member and (2)
hyperfiltration. Martel ez al. (1997) have proposed that the HSFW (brine) is an
evaporative residue. Compartmentalization of the aquifer above the Hub coal seam-is
evident in geophysical and chemical data. A 24 cm mudstone in combination witha 1 m
thick low permeable sandstone are suggested as the barrier which separates the channel
sandstone body above the Hub coal seam, and compartmentalizes the formation water

(Figure 6.1).

6.1 Water Types

Waters were characterized using Br, Cl, Na and Na/Cl ratios. Na/Cl ratios have
been used in other studies to characterized brines. Fontes and Matray (1993) used Na/Cl
relationships to identify primary brines (formed from an evaporative residue) and
secondary brines (formed by dissolution of evaporites). Bromide and chloride do not
participate in water-rock reactions and can therefore be considered conservative (Hanor

1994).
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6.1.1 High Salinity Formation Water

The HSFW is enriched in bromide relative to the seawater evaporation curve,
TDS is greater than ocean water and Na/Cl ratios range between 0.6 and 0.7. These
characteristics strongly suggest that the HSFW is not ocean water. Martel et al. (1996,
1997) have proposed that the brines at Prince and Phalen Collieries are related. Both
brines have similar chemistries, but the Phalen formation waters are more saline (~170
000 mg/L, as opposed to ~48 000 mg/L at Prince). The Na and Cl concentrations are
lir;ear With respect to Br and intersect the seawater evaporation curve at ~30 times the
concentration of ocean water (Martel et al. 1997). The Na/Cl ratios of both brines are
also similar and consistent with 30 times evaporation of seawater (Figure 6.2). From this
information Martel ez al. (1997) concluded that the high salinity brines at both the Prince
and Phalen Collieries originated as an evaporative residue. The seawater was
concentrated to 30 times its original salinity (beyond halite saturation), and then diluted

to its present concentration.

6.1.2 Low Salinity Formation Water

The LSFW exhibits TDS less than ocean water (~35 000 mg/L) and Na/Cl ratios
between 0.87 and 0.72 (Figure 3.7). The Na/Cl ratios of the LSFW decrease with depth,
implying that the rate at which Na and Cl concentrations are increasing is not the same
rate. This trend is also true for Ca/Cl and Mg/Cl.

Two possible origins for the LSFW are, mixture of brine with an ocean-meteoric

or dilute ocean water end-member (as introduced in chapter 5), and hyperfiltration.
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Figure 6.2 Na/Cl (weight) versus Chloride (mg/L). Prince, Phalen,

Forebay well, ocean waters, and the seawater evaporation curve are plotted.
{Modified from Martel et al. 1997). Gob water, Phalen formation waters

and Prince HSFW have similar Na/Cl ratios.
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Hyperfiltration has been suggested for the origin of formation waters at Prince Colliery
because the vertical salinity change, illustrated in the geophysical salinity profile, is

similar to the vertical salinity variation expected with hyperfiltration (see below).

Mixture with a dilute end-member

As discussed previously, the LSFW could be the result of a mixture between brine
and dilute ocean water. In this hypothesis, it is assumed that the brine was emplaced first
because it is old (Upper Mississippian; Martel ez al 1997), originating with the Windsor
salts. Mixture with a dilute end-member is supported by the low salinity of the LSFW
and the high Na/Cl ratio with respect to the brine. The change in the Na/Cl ratio of the
LSFW with depth down dip suggests that it is mixing with the brine.

The general low salinity of surficial groundwaters (as were sampled at Point
Aconi Power Station) could not change the Na/Cl ratio of the brine at Prince Colliery,
located above the Hub coal seam. The Forebay well was saline enough to change the
Na/Cl ratio of the brine and roughly reproduce the LSFW compositions (Figure 5.5). An
ocean water component is suggested for the dilute end-member because there is no other
source of chloride in the area, but a seawater source cannot be confirmed without Br
analyses. Forebay well was used for the dilute end-member because it is a groundwater
well in the area that has experienced seawater invasion and chemical data was available
for the well.

Variations in the above model could also have produced the LSFW composition.

For example, ocean water could have mixed with the brine first, and then this mixture
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could have been diluted with groundwater. It is apparent from the salinity of the LSFW
that ocean water alone could not have produced its chemistry.

I choose to model the LSFW chemistry using Forebay well because (1) chemical
data were available for a dilute ocean water end-member (Forebay well), (2) the LSFW
plotted as an intermediate between the HSFW and this dilute ocean water end-member
using several chemical parameters (Figure 3.9a & b) and (3) Hydrowin allowed me to
optimize apparent mixtures of waters relatively easily. The mixing models support a
dilute ocean water end-member for the LSFW. Whether ocean water was first mixed
with the brine or with groundwater is a topic for future research. The question arises why
the lower sandstone, and not the upper sandstone, was invaded with a dilute ocean water
end-member. The stratigraphic relationships of the lower and upper sandstone bodies are
not understood well enough at this time to hypothesize why the waters have different end-

members.

Hyperfiltration

Hyperfiltration or reverse chemical osmosis refers to the retention of ions by a
semi-permeable membrane or filter. The most common semi-permeable membranes in
the geologic record are shales.

Clays are colloidal particles, i.e. when submerged in water that has a pH above its
isoelectric point, a cation is released, resulting in a net negative charge. Cations will
surround the clay forming two layers, a rigid stern layer and, a diffuse guouy layer.

When the clay is compacted the pores will compress and at some point only the guouy
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layers will occupy the pore spaces and no ions will be able to pass through the shale,
assuming 100% efficiency (Drever 1988). This is rarely the case in nature, so that the
efficiency of a membrane varies from shale to shale.

Many factors contribute to the shale’s overall efficiency as a membrane including:
the composition (i.e. minerals), the degree of compaction, and salinity of the water
forced through the membrane. Hichon and Friedman (1969) estimated the membrane
efficiency of shales in the western Canadian sedimentary basin at only 25% efficiency.
On the USA Gulf coast shale efficiencies in the Chocolate Bayou Qil Field were
estimated at 30% (Kharaka et al. 1977; Graf 1982). The result of this poor efficiency is
that the shales can only retard selective ions and as salinity increases the shales ability to
retard ions decreases (Fontes and Matray 1993).

During hyperfiltration the salinity increases directly below the shale membrane,
whereas water on the upper side of the membrane will be more dilute (Figure 6.3).
Species with a high surface charge will be preferentially retarded (i.e. Ca®* will be
retained at a greater rate than N a"; Kharaka and Berry 1974). An increase in Ca/Na
ratios Wiih depth is often used as a red flag for indicating hyperfiltration. Ideally to prove
hyperfiltration samples should be taken above and below shale units in order to monitor

fractionation of ions.
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Overpressuring is required in order to force the water up through the shale membrane.
Sources of overpressure include:

1. Rapid sedimentation of fine grained materials

2. Lateral tectonic compression

3. Hydrothermal pressure

4. Dehydration of hydrous minerals (e.g. clay minerals, gypsum)

Lateral tectonic compression, rapid sedimentation and hydrothermal pressures are
not occurring of the coast off Cape Breton at present (presently a passive margin). For
dehydration reactions to have a significant effect there has to be a substantial amount of
material present and the reaction rate has to be quick enough to maintain that pressure
(Graf 1982).

The forces which produce overpressuring are not active in the study area.
Elevated recharge areas have also been suggested as a source of overpressuring but it was
concluded that elevation alone could not cause or maintain the necessary pressure
gradient (Kharaka and Berry 1974).

To achieve concentrations similar to what is now present at the Prince Colliery,
the average groundwater sample measured at the Point Aconi Power Plant would have to
be concentrated ~460 times its original chloride concentration and standard ocean water
(Drever 1988) would have to be concentrated 1.5 times its original chloride concentration
to produce the most saline water sample at Prince (Dal4 Decline). Sea level has been at
its present level only in the past few thousand years and ~120 ka (Figure 6.4; Piper and

Asku 1992). Between this time, recharge in the area would have been from meteoric
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water. The quantity of meteoric water needed, to produce the salinity of the formation
water at Prince Colliery, would be substantial and depend on the membrane efficiency of
the shale. Even if ocean water was recharging the aquifer the high salinity would
compromise the efficiency of the membrane and a substantial amount of water would still
be necessary.

The Ca/Na ratios at Prince do not increase with vertical depth between the HSFW
and the LSFW. The Ca/Na ratios of the HSFW and gob water are higher than the LSFW,
unlike what you would expect with hyperfiltration.

The lower formation water on the vertical salinity profile produced by Shimeld
(1997) shows a slight increase proximal to the 24 cm shale identified in core P6 (Figure
3.5). The 24 c¢m shale which divides the channel sandstone is certainly not thick enough
to be a suitable membrane. Even if the upper and lower formation water acted as one unit
as depicted in Figure 6.2, the LSFW is not present at the base of the sandstone below
281m depth below sea level. There is no indication that there is a vertical salinity
variation in the HSFW within the channel sandstone body. There is not a significant
chloride difference between the HSFW and the gob waters which would indicate a
vertical salinity variation (similar to that identified between the LSFW and the gob
waters).

Although there are many problems with a membrane filtration model, the primary
problems are a source of overpressuring and lack of chemical evidence. From this

information I have concluded that the chemistry of the LSFW cannot be attributed to
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hyperfiltration, and is most likely the result of mixing with a dilute ocean water end-

member.

6.1.3 Gob Waters

The gob waters were originally suspected as being ocean water by the mine
operators because they were more saline than formation water at similar depths. The
fractures induced by retreat long wall mining were thought to have penetrated so close to
the sea-floor that seawater was leaking into the mine. The geophysical salinity profile
(Shimeld 1997) revealed HSFW above the LSFW. The mining induced fractures in the
overlying sandstone channel provide excellent secondary porosity, allowing the HSFW to
enter the gob. The vertical extent of these fractures is unknown but there is no indication
from this study that they provide a conduit for seawater to enter the mine (e.g. elevated
Na/Cl ratio).

Ocean water is not responsible for the high sulphate concentration in the gob
waters (Figure 3.12). The 8**S in the gob waters is quite variable and two data points plot
near seawater in Figure 3.14. Since all the species concentrations in the water did not
increase by the same magnitude as the SO, species, it is unlikely that the enriched
sulphate in the gob samples is from addition of ocean water. The enrichment in SO, and
variation in **S is probably the result of pyrite oxidation (equations 6.1 & 6.2). These
equations also remove the carbonate alkalinity (equation 6.3) by adding H" ions to

solution.
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FeS, + 3.50, +H,0 = Fe’* + SO, > + 2H" (6.1)
Fe?* +0.250, + 2.5 H,0 = Fe(OH), + 2H" 6.2)
AIKalinity (aonae) = HCO3 ™ +2C0; > - H (6.3)

The variations in 8°*S measured in the gob samples is most likely due to a
variation in 8°*S in the Hub coal seam. Coal from the Hub seam was sampled for S
analysis by Gibling et al. (1989). The concentration of 8°*S in that sample was 14.3 O/OG.
This value is between the concentrations of 8°*S measured from the gob waters and it is
likely that the pyrite in the Hub coal seam varies in isotopic ) composition. The
values of 5**S measured from the gob waters are probably caused by this variation.

I have therefore, interpreted the gob waters to be a mixture of the two overlying
formation waters. The mixing models produced in Hydrowin resulted in a very good

overall approximation of the gob water chemistry (Figure 5.2A, B, C, & D).

6.2 Aquifer Compartmentalization

The compartmentalization of the aquifer, overlying the Hub coal seam, is
supported by two independent sources of data, geophysical and chemical. The gob
waters, which are sourced by the overlying formation water (previous section), exhibit
different chemistries than formation waters shallower than 266 m (Figure 3.6). With
depth, gob waters surpass the chloride concentration of the LSFW. If the gob waters are
not sourced by the overlying ocean water then there must be a more saline water above

the LSFW,
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CHAPTER 7 CONCLUSIONS

7.0 Conclusions

The purpose of this study was to test the hypothesis of compartmentalization of

the formation waters within the channel sandstone body above the Hub coal seam as well

as to determine if ocean water was entering the mine through mine induced fracturing.

As aresult of this study it can be concluded that:

1.

The sandstone unit overlying the Hub coal seam is separated by an area of low
permeability.

This area of low permeability compartmentalizes the formation water within
this sandstone body. Two formation waters were identified: a low salinity
formation water and a high salinity formation water.

The high salinity formation water is related to deeper basinal brines and can
be correlated to the formation water in the Phalen Colliery in New Waterford,
Cape Breton (Martel et al. 1997).

The low salinity formation water is the mixing product between the HSFW
and a dilute ocean-meteoric water end-member.

The high salinity gob waters are not derived from the overlying ocean water
but are a mixture of high and low salinity formation waters from the overlying

aquifers.
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6. This study also supports the geophysical conductivity (salinity) profile
produced by Shimeld (1997) indicating that Archie’s Law can be used to

calculate R, on the metre scale.

7.1 Further Research

Further research for this project should include:

*Detailed mapping and petrographic evaluation of the lower sandstone unit

*More analyses on the LSFW including, bromide and stable isotope analyses
(deuterium and *®0) in order to confirm an ocean component

*Construction of vertical geophysical salinity (conductivity) profiles for other
drill holes in the area, for which the appropriate geophysical data is available, so as to
better understand the vertical salinity variation

*Computer modeling with more advanced software would be useful in order to

accurately document the history of the LSFW.
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Method for the Measurement of Alkalinity in Water Samples by the Cobas Method
I Introduction

1.1 Alkalinity in water is its acid-neutralizing capacity. It is significant in many for treatments
of natural water and waste waters. Because the alkalinity of many surface waters is primarily a
function of carbonate, bicarbonate, and hydroxide content, it is taken as an indication of the
concentration of these constituents.

2 Principle Method
2.1  There are many different ways to measure alkalinity. This method uses the Cobas Fara II
Centrifugal Analyzer to determine alkalinity. The sample is placed in a sample cup and then the
proper reagents are placed in the reagent trays. Then the test for alkalinity is programmed into
the Cobas and the sample is run including standards and quality control samples. The
concentration is calculated by the Cobas automatically.
3 Detection Limits and Method Validation
3.1  The minimum concentration that can be reported with 99% confidence range is 0.4 mg/L
when using the 0 - 50 mg/L range.
Method 0 - 50 mg/L. Alkalinity Low

0 - 250 mg/L Alkalinity High
Precision based on 10 replicates is 0.27 mg/L and accuracy is 99.2%.
4 Interferences
4.1  Not applicable

5 Sample Requirements

5.1 Samples can be collected in either glass or plastic bottles. They can be stored for up to 14
days refrigerated. There is no sample pretreatment required.

6 Equipment

6.1 Cobas Fara II Centrifugal Analyzer.
6.2  Sample cups and rotors needed for the Cobas Analyzer.

7 Reagents
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7.1  Methyl Orange. Dissolve 144 mg of methyl orange in 800 mls of demineralized water in a
1 liter volumetric flask and then dilute to the mark. This solution should be stored in an amber
bottle.

7.2  Stock Buffer. Dissolve 5.1 grams of potassium acid phthalate in 400 mls of demineralized
water in a 500 ml volumetric flask. Then add 87.5 mls of 0.1 N HCL and dilute to 500 mls. The
PH should be 3.1; if not, adjust with 1.0 N HCL.

7.3  Working Buffer. Dilute 10.0 mls of he stock buffer to 100 mls in a 100 ml volumetric
flask with demineralized water.

7.4  Stock Standard (1000 mg/L as CaCQO3). Dissolve 1.060 g of anhydrous sodium carbonate
(oven dried at 250 degrees Celsius for 4 hours) in demineralized water in a 1 liter volumetric
flasks and then dilute to the mark.

7.5  Calibration Standards. Serial dilutions are made of the stock standard to make
concentrations of 10, 20, 30, 40 and 50 mg/L of CaCO3 for alkalinity low and 100 150, 250 mg/L
of CaCO3 for alkalinity high. Keep refrigerated.

8 Test Procedures

8.1  Prepare standards and reagents as above.

8.2  Fill the standard positions in standard rack # 2 positions 41 - 52.

8.3  Fill reagents in Rack 5s2 section 1. Methyl orange in position 1 and the working buffer in
position 2.

8.4  Program in the general parameters and the analysis parameters following the SOP for
Programming the Operating of the Cobas Fara II Analyzer using the values located in appendix A
of this method.

8.5  Refer to the SOP for the Operation of the Cobas Fara II for analysis of set of samples.

9 Calculation of Results

9.1  The Cobas Fara II analyzer will automatically calculate the alkalinity concentration of a
sample by calculating a calibration curve with the standards and then calculating the concentration
of the sample.

Method for the Measurement of Ammonia in Water Samples by the Cobas Method

1 Introduction and Scope

1.1 This method measures the amount of ammonia -NH3 in a water sample. It has a
sensitivity of 10 ug NH3-N/L and is useful for up to 500 ug NH3-N/L

2 Principle Method

2.1  When using this method an intensely blue compound, indophenol, is formed by the
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reactions of ammonia, hypochlorite and phenol. The intensity of the color is read on a
spectrometer and a calibration curve is constructed. Unknowns are compared to the curve.

3 Detection Limits and Method Validation

3.1  The minimum concentration that can be reported with 99% confidence is 0.04 mg/L when
using the 0 - 2 mg/L range.
Method Range 0 - 2.0 mg/L Ammonia Low
0 - 20.0 mg/L Ammonia High

Precision based on 10 replicates is 0.028 mg/L and accuracy is 89.9%
4 Interferences

4.1  Alkalinity ver 500 mg as CaCO3 /L, acidity over 100 mg as CaCO3/L and turbidity can
interfere with the detection of ammonia. These interferences can be removed by preliminary
distillation.

5 Sample Requirements

5.1  Samples can be collected in either glass or plastic bottles. It is preferable that ammonia be
analyzed for as soon as possible, however, samples can be stored with refrigeration for up to 7
days.

6 Equipment

6.1  Cobas Fara II Centrifugal Analyzer
6.2  Sample cups and rotors needed for the Cobas Analyzer

7 Reagents

7.1  Complexing Reagent. Dissolve 50 grams of EDTA (disodium salt) and 6 pellets of NaOH
( or more until solution is clear) in 1000 mls of demineralized water in a 1 liter volumetric flask.
7.2 Alkaline Phenol. Add 6.5 mls of 50 % (w/w) NaOH to approximately 5.0 ml
demineralized water. Stir and cool. Slowly add 10.5 mls of 90% (w/w) phenol solution in a 100
ml volumetric flask and then dilute to the mark. Prepare daily.

7.3  Working Reagent. Mix 3.55 ml of alkaline phenol with 5.0 ml of the complexing reagent.
Prepare daily.

7.4  Sodium Nitroprusside Solution. Dissolve 1/0 g sodium nitroprusside in 900 mls of
demineralized water

7.5  Sodium Hypochlorite Solution (3.3% available chlorine). Dilute 65 mls of commercial
bleach solution (5.1% w/v available chlorine) to 100 mls with demineralized water in a 100 ml
volumetric flask.



APPENDIX 1 Al-4

7.6  Stock Ammonia Standard (1000 mg/L. (N)). Dissolve 3.819 g of anhydrous ammonia
chloride (dried at 105°C) with demineralized water in a 1 liter volumetric flask and then dilute to
the mark. Keep refrigerated.

7.7  Calibration Standards. Serial dilutions of the stock ammonia standard are made to make
concentrations of 0.05, 0.5, 1.0 and 2.0 mg/L (N) for ammonia low and 5, 10, 15, 20 mg/L (N)
for ammonia high. Keep refrigerated.

8 Test Procedures

8.1  Prepare standards and reagents as above

8.2  Fill the standard positions in standard rack # 1 positions 11-21.

8.3  Fillreagents in Rack Ss1 section 1. The working reagent is in the primary position,
sodium nitroprusside solution in position 1 and the sodium hypochlorite solution in position 2.

8.4  Program in the general parameters and the analysis parameters following the SOP for
Programming and Operating of the Cobas Fara II Analyzer using the values located in appendix A
of this method.

8.5  Refer to the SOP for the Operation of the Cobas Fara II for analysis of a set of samples.

9 Calculation of Results

9.1  The Cobas Fara II analyzer will automatically calculate the ammonia concentration of a
sample by calculating a calibration curve with the standards and then calculating the concentration
of the sample.

Method for the Measurement of Chloride in Water Samples

1 Introduction and Scope

1.1 Chloride in the form of chloride (Cl-) ion, is one of the major inorganic anions in water
and wastewater. This method determines the concentration of the Cl- ion in potable water and
wastewater.

2 Principle Method

2.1  The method is an automated Ferricyanide method. The thiocyanate ion is liberated from
mercuric thiocyanate by the formation of soluble mercuric chloride. In the presence of ferric ion,
free thiocyanate ions form a highly colored ferric thiocyanate, of which its intensity is proportional
to the chloride concentration.

3 Detection Limits and Method Validation

3.1  The detection limit is 0.3 mg/L using the range of 0 - 100 mg/L with 99% confidence
limit.
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Method Range 0 - 100.0 mg/L Chloride Low
0 - 500.0 mg/L Chloride High
Precision based on 10 replicates is 0.17 and accuracy is 100.8%

4 Interferences
4.1  None significant
5 Sample Requirements

5.1 Samples can be collected in either glass or plastic bottles. No sample preservation or
pretreatment is required.

6 Equipment

6.1  Cobas Fara II Centrifugal Analyzer
6.2  Sample cups and rotors needed for the Cobas Analyzer.

7 Reagents

7.1 Ferric Nitrate. Dissolve 202 g of ferric nitrate in approximately 200 ml of demineralized
water in a 1 liter volumetric flask. Then add 21 ml of concentrated nitric acid and dilute to 1000
mls. Store in an amber bottle.

7.2 Mercuric Thiocyanate. Dissolve 4.17 g of mercuric thiocyanate in approximately 500 mls
of methanol in a 1 liter volumetric flask and then dilute to the mark with methanol. Then the
solution is filtered and is stored in an amber bottle.

7.3 Color Reagent. Mix equal volumes (15 ml) each of ferric nitrate and mercuric thiocyanate
m a 100 ml volumetric flask and dilute to the mark with demineralized water.

7.4  Stock Standard (1000 mg/L as Cl). Dissolve 1.6482 g of sodium chloride (dried at
140°C) with demineralized water in a 1 liter volumetric flask and then dilute to the mark.

7.5 Calibration Standards. Serial dilutions are make of the stock standard to make
concentrations of 10, 20 40, 60, 80 and 100 mg/L Cl for chloride low and 100, 200, 300, 400, and
500 mg/L Cl for chloride high. Keep standards refrigerated.

8 Test Procedures

8.1  Prepare standards and reagents as above

8.2  Fill the standard positions in standard rack #2 positions 53 - 65.

8.3  Fill reagents in Rack Ss2 section 3. The color reagent is in the primary position.

8.4  Program in the general parameters and the analysis parameters following the SOP for
Programming and Operating of the Cobas Fara II Analyzer using the values located in appendix A
of this method.

8.5  Refer to the SOP for the Operation of the Cobas Fara II for analysis of a set of samples.
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9 Calculation of Results

9.1  The Cobas Fara II analyzer will automatically calculate the chloride concentration of a
sample by calculating a calibration curve with the standards and then calculating the concentration
of the sample.

Method for the Measurement of pH in Water Samples

1 Introduction and Scope

1.1  This method involves the electrometric measurement of pH by the use of a meter and
reference electrode.

2 Principle of Method

2.1  The meter is calibrated with prepared buffer solutions with the pH of 4.00 and 7.00. The
pH of a sample is then measured. PH is read directly from the meter

3 Detection Limits and Method Validation
3.1  Not applicable
4 Interferences

4.1  Temperature can affect pH measurements. PH of samples should be measured at room
temperature (20 degrees C). If not, the temperature of a sample should be recorded at time of
measurement.

5 Sample Requirements

5.1  Water samples can be received in either plastic or glass bottles. Minimum volume need is
50 mis. Samples should be analyzed immediately.

6 Equipment

6.1  pH meter - Jenway Model #3410/3420 with a temperature probe connected
6.2  Beckman Gel-Filled Combination Electrode

6.3  magnetic stirrer and stirring bar

7 Reagents

7.1 ACS-grad prepared pH 7.00 buffer solution

7.2 ACS-grade prepared pH 4.00 buffer solution
7.3 Demineralized water
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8 Test Procedures

8.1 Calibration of meter
8.2  Sample analysis

Measurements are taken directly from the meter.
Method for the Measurement of Sulfate in Water Samples by the Cobas Method
1 Introduction and Scope

1.1 Sulfate (SO4) is widely distributed in nature and may be present in natural waters in
concentrations ranging from a few to several thousand mg/L.

2 Principle of Method

2.1 Sulfate ion is precipitated in an acetic acid medium with barium chloride so as to form
barium sulfate crystals of uniform size. Light absorbance of the BaSO4 suspension is measured
by a photometer and the SO4 concentration is determined by comparison for the reading with a
standard curve.

3 Detection Limits and Method Validation

3.1  The minimum concentration that can be reported with 99% confidence is 0.3 mg/L. when
using the 0 - 50.0 mg/L range
Method ranges 0 - 50.0 mg/L Sulfate low
0 - 200.0 mg/L Sulfate High
Precision based on 10 replicates is 0.23 mg/L and accuracy is 100.0%
4 Inferences

4.1 Color or suspended matter in large amounts will interfere. Some suspended matter may
be removed by filtration, silica in excess of 500 mg/L will interfere, and in waters containing large
quantities of organic matter it may not be possible to precipitate BaSO4 satisfactorily.

5 Sample Requirements

5.1  Samples can be collected in either glass or plastic bottles. Samples should be analyzed
immediately.

6 Equipment

6.1 Cobas Fara II Centrifugal Analyzer.
6.2  Sample cups and rotors needed for the Cobas Analyzer



APPENDIX 1 Al-8

7 Reagents

7.1 Start Reagent. Dilute 16 ml of conditioning reagent and 1 m of 1000 mg/L SO4 solution
to 100 ml with deionized water

7.2 Barium Chloride. Dissolve 7.0 g of BaCI2*2H20O Analar grade in 20 ml of deionized
water. Make up to 50 ml with deionized water.

7.3  Conditioning Reagent. Mix 50 ml of glycerol with a solution containing 30 ml
concentrated HCL, 300 ml

7.4  Stock Standard (1000 mg/L as SO4). Dissolve 1.479 g of anhydrous sodium sulfate
(NaSO4) in deionized water and dilute to 1000 ml. Keep refrigerated

7.5 Calibration Standards. Dilute stock standard appropriately for standards 1, 5, 10, 20, 30,
40, 50 and 0, 25, 50, 75, 100, 150, 200 mg/L. Keep refrigerated.

8 Test Procedures

8.1 Prepare standards and reagents as above

8.2  Fill the standard positions in standard rack #1 positions 11 - 24

8.3  Fill reagents in Rack 5s1 section 4. Place the start reagent in position 1 and barium
chloride in position 2.

8.4  Program in the general parameters and the analysis parameters following the SOP for
Programming and Operating the Cobas Fara I Analyzer using the values located in appendix A of
this method.

8.5  Refer to the SOP for the Operation of the Cobas Fara II for analysis of a set of samples.

Results automatically calculated by the Cobas Fara II Analyzer.
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APPENDIX 2
Petrographic Descriptions
P6 -1
General Mineralogy:
Quartz 70%
Lithic grains 15%
Clay minerals 13%
Carbonate 2%
Description:

Average Grain Size: 0.1 - 0.2 mm
Maturity: Grams are sub-angular to sub rounded, low sphericity
Sorting: Well sorted

Pore Spaces:
abundance - 8% of the slide is pore space
size - generally smaller than or equal to the average grain size (90% of the pores
are smaller than the average grain size.)
shape - smaller pores are generally irregular. Larger pores tend to be more
rectangular in shape.

Pore filling - 60% of the pores have been filled with kaolinite. All the pores larger than
the average grain size have been filled with kaolinite.

Mica grains and clay minerals have been deformed. Silica has been deposited on
the surface of many of the quartz crystals (Figure P6-1a). The previous grain boundary is
defined by fine grained particles, most likely clay. Carbonate has filled the pore spaces at
the edge of the thin section (Figure P6-1b). This is the only area of the thin section where

carbonate is present.
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crystals throughout the thin section as well. These crystals are very small (<1mm) and
are usually hard to differentiate from the brownish rusty coating. In some cases there are
two layers of crystals and the top layer of crystals is partially dissolved.

The Fe-carbonate has grown over siderite crystals indicating the siderite grew
first. Kaolinite then has filled in the pore after the Fe-calcite was deposited.

Quartz is the most abundant mineral in this thin section. There is no evidence to
support growth of these crystals after deposition in this thin section. Many of the quartz
crystals are fractured. There has not been any mineral growth or alteration on the

surfaces of these fractures.

P6-3

General Mineralogy:

Quartz 70%
Lithic Grains 15%

(including micaceous grains)
Siderite 3%
Clay minerals 5%
Carbonate 7%
Description:

Average Grain Size: 0.5 mm
Maturity: Sub-angular to Sub-rounded, low to moderate sphericity
Sorting: Moderately-well sorted (refer p.15 Tucker 1981)

Pore Spaces:
abundance - constitute approximately 15% of the slide
size - the majority of the pores are 0.4 mm (measuring longest dimension). At
the top and bottom of the slide the pores size increases so that the average pores
size is larger than the average grain size (0.5 mm).
shape - Pores are generally irregular in shape, the larger pores have very angular
boundaries.

Pore filling - 50% of the pores have been completely filled with kaolinite
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The majority of the pores are less than the average grain size. Clay minerals have
been deformed around some pores (Figure P6-3a). The larger pores at the top and bottom
of the slide do not appear to be formed by plucking when the thin section was made.
They have been stained and some of the pores have been partially filled (up to 90%) with
kaolinite.

Siderite grains occur as clusters (individual crystals <1 mm) or individually (>1
mm). Some of the siderite crystals around the pore boundaries are not perfectly
euhedral. The grains appear to have been partially dissolved.

A larger Fe-carbonate has filled some pore spaces (anhedral) and occurs as
individual crystals. The Fe-carbonate was deposited after the siderite crystals and before

kaolinite filled the pore spaces (Figure P6-3b).
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P6-4

General Mineralogy:

Quartz 65%

Lithic Grains (including minor 18%
biotite and chlorite)

Clay Minerals 10%

Siderite 5%

Opaque Minerals 2%

Description:

Average Grain Size: 0.5 mm
Maturity: Sub-angular to sub-rounded, low sphericity
Sorting: Poorly sorted
Pore Spaces:
abundance - constitute approximately 20% of the slide
size - 7% of the pores are larger than the average grain size.
shape - angular to sub angular. Some pores are rectangular
Pore filling - 25% of the pores are completely filled with kaolinite. The remaining
75% are only partially filled or have no kaolinite at all.
Some of the pores are very large (1.5 mm) and a connection between pores can be
seen in thin section (Figure P6-4a).
Many of the quartz grains are fractured. There has been no mineral deposition or
alteration on the surface of these fractures.
There is a band of opaque and clay material present approximately 1/3 down from

the top of the thin section. Quartz crystals have been incorporated into the clay material

(Figure P6-4b).
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Siderite crystals have grown on grain boundaries appear to have been partially
dissolved. Clusters of smaller (<1mm) siderite crystals have also filled pore spaces. All
the siderite grains in thin section have a brownish rusty coating which masks the
boundaries of the small crystals. Small siderite crystals increase in abundance with
increasing proximity to the opaque band.

Larger carbonate (Fe-calcite) crystals fill pore spaces (<2%) and are present as

individual crystals. These also have a brownish rusty coating. Grain size is variable.

P6-6

General Mineralogy

Quartz 70%
Lithic grains - 20%

(including micaceous grains)
Clay minerals 8%
Carbonate/dolomite 2%
Description:

Average Grain Size: 0.2 mm
Maturity: Grains are sub-rounded, moderate sphericity.
Sorting: Well sorted
Pore Spaces:
abundance - 15% of the slide is pore space
size - majority of pores (90%) are smaller than the average grain size
shape - pores are irregular in shape, not as angular as in previous slides
Pore filling - ~60% of the pores have been filled with kaolinite
The slide is comprised predominately of quartz grains and is very similar in grain
size and sorting to P6-1. Over half of the pore spaces have been filled with kaolinite.
There has been secondary silica growth on the surface of many of the quartz grains. This

growth has occurred in the form of new crystal faces. In many cases clay minerals define

the previous grain boundary.
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Microprobe Results

Standard

_ Element Zaf %EImt  St. Dev  Atom. % % Oxide Formula

- Mg 0.968 12.871 0.076  24.417 MgO 21.342 0.488
Ca 0.999 22233 0.108  25.853 31.109 0.512
0o 17.347 50 1
Total 52.451 100 52.451 1

P6-2 Analyses

#1
Fe 1.092 32.435 0.244  33.151 FeO 41.727 0.663
Mn 0.987 1.939 0.086 2.014 MnO 2.503 0.04
Mg 0.723 5.126 0.065 12.037 MgO 8.5 0.241
Ca 1.09 1.382 0.04 1.968 Ca0 1.934 0.39
Na 0.594 0.24 0.069 0.597 Na20 0.324 0.12
Si 0.883 0.125 0.028 0.254 Si02 0.268 0.005
0] 14.009 49.978 1
Total 55.257 100 55.257 1.001

#2
Fe 1.091 32.791 0.245  32.704 FeO 42.185 0.654
Mn 0.986 2172 0.087 2.202 MnO. 2.805 0.044
Mg 0.723 5.299 0.065 12.141 MgO 6.786 0.243
Ca 1.089 1.205 0.039 1.675 CaO 1.686 0.033
Na 0.594 0.291 0.069 0.706 Na20 0.393 0.014
Si 0.881 0.152 0.028 0.302 Si02 0.326 0.006
Al 0.731 0.115 0.035 0.237 Al203 0.217 0.005
0] 14.327 50.034 1
Total 56.397 100 56.397 0.999

#3 (light area)
Fe 1.113  35.252 0.253 39.87 FeO 45.351 0.787
Mn 1.006 3.281 0.097 3.772 MnO 4.236 0.074
Mg 0.696 1.118 0.048 2.906 MgO 1.854 0.057
Ca 1.115 1.202 0.039 1.894 CaO 1.682 0.037
S 0.985 0.139 0.034 0.274 SO3 0.347 0.005
Si 0.906 0.106 0.028 0.239 Si02 0.228 0.005
P 0.908 0.182 0.048 0.372 P205 0.418 0.007
0] 12.835 50.673 1
Total 54.116 100 54.116 0.973

#4 (darker area)
Fe 1.078 38.347 0.267 27.67 FeO 49.333 0.476
Mn 0.974 2.529 0.094 1.855 MnO 3.266 0.032
Mg 0.733 2.323 0.053 3.851 MgO 3.852 0.066
Ca 1.063 0.363 0.036 0.365 CaO 0.507 0.006
S 0.982 6.468 0.063 8.13 SO3 16.151 0.14
O 23.079 58.13 1
Total 73.109 100 73.109 0.72



APPENDIX 3 A3-2

Element Zaf %EImt St. Dev  Atom. % % Oxide Formula
#5 (dark area)
Fe 1.101 32.543 0.245 33.916 FeO 41.866 0.679
Mn 0.995 4.228 0.104 4.48 MnO 5.46 0.09
mg 0.715 3.916 0.06 9.375 MgO 6.493 0.188
Ca 1.101 1.013 0.037 1.472 CaO 1.418 0.029
Na 0.584 0.262 0.068 0.663 Na20 0.353 -+ 0.013
Si 0.891 0.084 0.028 0.173 Si02 0.179 0.003
O 13.722 49.921 1
Total 55.768 100 55.768 1.003
#6
Fe 1.085 28.439 0.233 27.319 FeO 36.586 0.537
Mn 0.981 5.341 0.112 5.216 MnO 6.896 0.102
Mg 0.739 5.954 0.067 13.14 MgO 9.873 0.258
Ca 1.082 0.65 0.035 0.87 CaO 0.909 0.017
K 1.127 0.103 0.029 0.142 K20 0.125 0.003
Si 0.881 0.73 0.031 1.395 Si0O2 1.563 0.027
Al 0.736 0.505 0.039 1.005 Si02 0.955 0.02
O 15.184 50.913 AI203 1
Total 56.906 100 56.906 0.964
P6-6 Analyses
#1
Fe 1.123 40.627 0.267 4486 FeO 52.265 0.892
Mn 1.014 2.088 0.085 2.344 MnO 2.696 0.047
Mg 0.685 0.329 0.042 0.834 MgO 0.545 0.017
Ca 1.123 0.358 0.034 0.552 CaO 0.502 0.011
Na 0.553 0.226 0.035 0.605 Na20 0.304 0.012
S 0.989 0.16 0.028 0.309 SO3 0.401 0.006
Si 0.906 0.103 0.227 Si02 0.221 0.005
O 13.043 50.271 1
Total 56.933 100 56.933 0.989
#2
Fe 1.117 36.994 0.258 40.248 FeO 47.592 0.795
Mn 1.009 4.048 0.104 4.477 MnO 5.227 0.088
Mg 0.694 0.652 0.044 1.63 MgO 1.081 0.032
ca 1.118 0.925 0.037 1.402 CaO 1.294 0.028
Na 0.562 0.218 0.062 0.577 Na20 0.294 0.011
S 0.988 0.17 0.035 0.322 SO3 0.424 0.006
Si 0.909 0.088 0.028 0.191 Si02 0.188 0.004
P 0.911 0.257 0.048 0.504 P205 0.588 0.01
13.337 50.651 1
Total 56.689 100 0.974
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