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Abstract

Acid drainage from dlsturbanr;e of the Halifax Formation is common in Nova
Scotia due to tha pyritic nature of this bedrock. This paper documents an investi-
gation of the rale of groundwater inte the production and transpart of acid drainage
from a guarry in the Halifax Formation. The results have implications for remedi-
ation of existing acid drainage sites as well as for managing developing quarries
such that acid drainage is minimized. it s concluded that excavation below the
graundwater table accelerates tha rate of acid generation at the surface. lron and
sulphata wera found 1o be relatively mabile in groundwater while aluminum and
acidity were found to be relatively immobile. -

Résumé '

Le drainage acide, résultat du dérangement de la “formaticn Halifax", est commun
an Nouvelle-Ecosse. Ce rapport documeantaire décrit une investigation du rdle de
{'eau sous-terraine dans la praduction et le transport du drainage acide. Cette
&tude a eté sntreprise dans une carridre de la “formation Halifax™, Les résultants
identifient des implications afin de remédier les sites de drainage acide en
existance, et afin de développer des carrieres qui minimisent le drainage acide.
Enfin, on conclut que les fouilles sous la nappe d'eau accélerent la vitesse de'la -
production d'acide sur la surface de Ta terre. Le fer et le sulfate sont relativement -
mobkiles dans Feau sous-terraine tandis que "aluminum et I'acidite sont relative-
ment stables.

introduction

In Nova Scatia it has been recognized for
several years that severe water quality im-
pairment can occur when bedrock of the
Halifax formation is disturbed. Drainage
from such disturbances is characterized by
very low pH and elevated metals concen-
trations. The potential for widespread
water guality impairment by disturbance of
the Halitax Formation is highlighted by the
- fael that the formation underliss approxi-
mately ten percent of the southern half of
ihe provinces.

Slates of the formation possess a well-
defined cleavage and are easily exca-

vated. Therefore, small barrow pite prolki-
erate in rural areas as does the use of the
matarial in roadbed construction. The pits
and roads in some rural areas represent a
potential network for input of acid drainage .
to the environment. King (1985) took 17
samples of surface runoff and standing
water in a selection of 10 quarries and pits
in the Halifax Formation. Samples gener-
ally exhibited elevatad metals concentra-
tions and low pH. lron concentrations
~ranged from 0:24 10-420 mg/L, aluminum
1.1 to 47 mg/L. and pH 2.6 10 4 2. :
King {1987} supported earlier work by

1. Hydrogeologist, Jacques Whitford and Assaciates, Dartmouth, N S.
2 Coordinatar, Center for Water Resources Studies, Technlcai University of
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the Environmental Protection Service of
Environment Canada {(unpublished) which
suggested that the quarry discussed in this
paper was a'majer saurce of acid drainage
to downstream waterways. King (1987)
also found that the adjacent highway, built
with material from the quarry, contributed
as much acid drainage as the quarry.

Other types of construction activities
have alsu generated acid drainage from
Halifax Formation slates. Tha earliest and
best documented case is that at the Halifax
International Airport. The Altport is located
on a fopographic high separating two
major watersheds: the Shubepacadie
River and the Salmon River.

Scott (1961) attributed a major fish kill
in the Shubenacadie River to construction
activity in slate. The Environmental Pratec-
tion Service {1976) attributed several fish
Kills in the river, batween 1957 and 1578,
lo acid drainage caused by construction
activity at the airport. Airport construction
has alse led to periodic disruption of water
supplies for the towns of Elmsdale, Lantz
and Enfield, which draw water from the
river (Thompson, 1978). :

Porter-Dillon {1985) suggested that
fish in the Salman River system were
highly stressed by acid drainage fram tha
airpart runway drainage system and drain-
age from a large slate refuse pile on the
airport proparty,

Lund ef. al (1987), studied the role
played by groundwatar in acid drainage at
the airport site. They reported that ground-
water quality in disturbed bedrock has
been dramatically impalred by acid gener-
ation. Fer example, groundwater samples
drawn from disturbad areas yialded iron
concaentrations ranging from 344 to 2220
mg/L, afuminum from 128 1o 445 mg/l. and
PH values from 3.25 to 3.75. Meanwhile,
. groundwater samples from undisturbed
bedrock in the area showed iron concen-
trations from 0.12 to 0.32 mg/L, aluminum
concentrations of less than 0,01 mg/L and
PH values of 7.7. The authers also state
that a significant portion of the acid drain-
age from the site bypasses an on-sile
treatment plant via groundwater flow.

Aside from the airpen, studies of acid
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drainage in Nova Scotia have focused anly
on surface waters as receiving and trans-
port media. The effect of widespread quar-
rying of Halifax Formation bedrock an
groundwater quality is unknown, as Is the
role of groundwater in the transpont of acid
drainage frem guarries.

[n 1985 a study was initiated, through
funding by the Environmental Protection
Service and the Natural Sciences and En-
gineering Research Council, to assess
acid and metal loadings from two adjacent
quarries in the Halifax Formation near the
Halifax International Alrport, Cne-of the -
pumoses of the work was to understand
the role played by groundwater in acid
generation and drainage from acid-produce-
ing quarries in this formation. The results
would have implications with respect to
remediation of acid drainage from existing
quarries and evaluation of potential envi-
ronmental impact from proposed guarrying
or construction. This. paper deals with the
groundwater portion of the study.

Data on water entering and leaving the
quarries was used to (a) determine the con-
tribution of groundwater te the quality of sur-
face drainage from one of the quarries and
(b} investigata the movement, in groundwa-
ter, of the moieties of acid drainage.

The data callected includad:

-the quantity and chamistry of surface

water entering the quarry,

-groundwater chemistry and lavels, and

-the quantity and chemistry of suface

water exiting tha quarry.

Methodology
Study Site

- “The study site is a 4.5 ha quarry known as

the “west quarry™. It is adjacent to the Halifax
International Airport complex and is in the
upper reaches of the Bennery Brook water-
shed. Bennery Brook is part of the
Shubenacadie River system, EPS (1976) .
determined that acid drainage was entaring
the Shubenacadie River via Bennery Brook,
in subsequent unpublished studies it was
concluded that the present study area, which
comprises less than one percent of the
Bennery Brook watershed, was the source of
the majority of the acid and metal loadings at
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“Figure 1: General Location Map

the mouth of the brock, The location of the
study area is shown in Figure 1,

surface Water Monitoring

Flow was monitored at two locations in tha
study area, as shown in Figure 2, Total
Cguarry oulflow was measured at a single
. well-defined channal at the north end of

i Canadian Water Resources Journa(
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the quarry. Surface flow from within the
“-quarry origindted™ffidm numerous small
groundwater discharge areas which repre-
sant areas where bedrock was excavated
to a level below the local groundwater
table. A layer of iron hydroxide sludge, up
to a few centimetars thick, was commen in
the discharge areas. ' -
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The only well-defined surface inflow to
the quarry, a stream on the east side, was
alse menitored. During dry periods this
was the only source of surface water enter-
ing the quarry. At such times it was possi-
ble to determine the quantity of
groundwater discharged within the quarry
by subtracting surface water inflow from

surface water outflow. Net chemical load-
ings from groundwater discharge were de-
termined by the same method. That is,
loadings through the inflow were sub-
tracted frem total outflow loadings.

Flow measurements were taken three
times per wesk at the two monitoring sites.
Water samples were taken at both sites
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Figure 2: West Quarry Locatlon and Drainage Map
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ance per week. Samples were analyzed

for pH, conductivity, colour, magnesium,
total organic carbon, sulphate, calcium, ar-
senic, copper, iron, zing, acidity, nickel,
manganese&, chlaride and aléminum.

Groundwater Monitoting

Five multi-level monitoring wells, MP-1 to
MP-5, were installed in and around the
quarry (Figure 2). They wera located with
the aim of observing changes in ground-
water quality near and within the quarry.
For the purpose of locating the wells it was
assumed that the direction of shallow
groundwater flow in the area followed to-
pography. MP-1 and MP-2 wera located
just outside ihe topographically highest
end of the quarry to obtain background
groundwater samples. The remaining
three wells were campleted direcily into
the disturbed bedrock of the quarry to de-
termine the effect of the disturbanca on the
graundwater. Piezometric surface con-
taurs on . Figure 2 show that the assumed

direction of groundwater flow was gener-
ally carrect,

The borehales were 15 ¢m in diameter
and ware drifled to depths ranging from 9.5
to 12,2 m. Each contained three discrete
sampling intervals except for MP-4 which,
due to an .error during construction, con-
tained only two. The depth o the top of the
shallowest sampling interval varied from 1.1
to 3.1 m in the five monitoring wells. Width of
the intervals ranged from 3.7 to 1.9 m.

Four sets of groundwater samples
ware taken from each level in sach well
from September 12 to December 30, 1986.
Groundwater was analyzed for the same
paramaters as surface watar. In addition,
in sifu dissalved oxygan congentration was
measured during the last three sampling
periads. Only the data from the shallowest
levels are discussed as it was assumed
that they were most similar to groundwater
discharge.

‘Table 1: Concentrations of Selectad lons.in Groundwater and Quarry Drainage

Fiezometar
Quarry
1 2 3 4 5 Drainage
lron Mean  0.004 0005 0585 0536 2133  0.309
(mag/L) S$D. 0004 0009 0084 0030 0305 0105
Wicg S ' _ .
Sulphate Mean 0,164 0.095 - 1068 0848 7.630 3.670
{me%ﬁ.} : s.D. _ 0.045 G016 .040 0.060 0.924 {.454
Hardness Mean 0.137 0129 0728 0508 10.073 1.540
{m a.?fl_} s.D. 0,080 0.035 0.026 0.026 1.662 0191
Alluminum Mean - 0.019 00768  0.029 0.008 0128  1.071
{meg’iL} =D, 0004 0.115 0.024 0.005 _ a.067 0212
Hydrogenion ~ Mean  0.005 0003 0021 0001 0263  0.464
{meg‘/L} 5.0, _G.GUE 0.000 0.022 0.000 0,453 1.168
Chloride | Mean 0.134 0,106 0,134 0123 6;51? 1.800
(magfL) SD.. 0042 0042 0054 0045 1156  0.411
Canadian Water Resources Journal 361
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Resuits

Mean and standard daviation estimates for
water quality of groundwater discharga as
it reached the quarry outilaw {calculated as
outlined above) were determined using six
sets of dry-weather samples. Estimates
were also obtained for the shallowest lev-
els of the five menitoring wells. Table 1
presants the results for selected watar
quality parameters. _

Iron, sulphate and hardness congen-
frations increased from the background
wells 1o the wells located in the quarry, with
a marked increase in MP-5. Aluminum and
hydrogen ions are tha only paramisters that
are more concentrated in groundwater dis-
charge at the quarry outflow than at MP.5.
Chloride concantration is similar in MP-1
through 4, increases sharply in MP-5 and
is intermediate at the quarry outflow,

Standard deviations generally indicate
that there was very little variation in water
quality in the wells and in groundwater dis-
charge as estimated at the quarry outflow,
‘Natable exceptions are shown in iron con-
centrations in MP-1 and MP-2 and hydro-
gen ion concentrations in MP-3 and MP-5.

* Average water quality of the 12 water
samples from the shallowest levels of the
three quarry monitaring wells was used as
an estimate of the chemistry of groundwa-
ter as it discharges within the quanry. It was
compared with the avarage water quality at
the quarry outflow to test for significant
changes in water quality subsequent to
groundwater discharge. In addition, water
quality was compared between each mon-
itoring wall and between selected groups
of manitoring wells.

Comparisons were done using a one- -*

talled t-test (Sokal and Rohli, 1969) which
provides a measure of the probabillity that the
difference batween two means is significant,
The one-ailed aspect incorporates into the
test the probability that the direction of the
- difference between two means is indicativa
of the actual direction. For &l tests a signifi-
cance level of 0.05, or less, was usad as the
criterion for rejecting the null hypothesis that
the two means are equal.
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Discussion

The basic steps in acid generatian from
pyrite (FeSz) are. as follows (Stumm and
Morgan, 1870):

FaSg + 7/205 + HolD) —n

a
T

L_'Eé:f:q, 25047 4 2H* [

i r-"e2+ 11403 + H* —» Fe“h 172Hz0  [2]
Fe'~‘+ 3H20 —-= FEIDHIIEI +3H° 3]

_ FeSo+ :I_I’:I:_E!:a : ‘EH 20—

15Fe*Z 250472 + 18H*. [4

In Equation 1 the sulphide portion of the
mineral is oxidized to sulphate while dis-
solved farrous iron and acidity are released.
Soluble ferrous fron is oxidized to ferric iron
(Equation 2} and subsequently hydrolized 1o
insoluble farric hydroxide {Equation 3). Mare
acidity is released as ferric hydroxide precip-
itates out of salution,

Pytite may also be oxidized by ferric
iron as shown in Equation 4. Nordstrom
(1982) stated that.in the early stages of
acid generation pyrite is oxidized by oxy-
gan. As pH drops below 3.0 ferric iron
becomes soluble and is the primary oxi-
dant, Singer and Stumm (1970} concluded
that the regeneration of ferric iron, through
oxidation of ferrous iron {(Equation 2), is the
rate determining step in advanced acid
drainage production. it should be noted
that pyrite oxidation {Equation 1) takes
place at a lower oxidation potential than
that at which ferrous iron is oxididized
{Equation 2),

As groundwater moves from depth and
s discharged at the surface of the quarry it
undergoes quality changes reflecting
¢hanging oxidizing conditions. At some
point pyrite becomes unstable and the re-
action in Equation 1 begins to accur. There

-is & significant accumulation of ‘iron in

quarry groundwater (maan of background
wells 0.0045 meq/l, mean quarry wells
1.111 meqg/l) indicating that thers is not
encugh axygen present, even near the
surface, to oxidize farrous iron {Equation

Revue canadienne des ressources hydriques
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2). Therefore, only the first step of acid

generation cccurs baelow the groundwater

table while the subsequent, more rapid

staps, are inhibited by lack of oxygen.
The significant increase in hardness

enrichad groundwater does not discharge
to the quarry surface. By restricting the
depth of quarry aexcavation the creation of

 discharge areas far iran-rich groundwater

from the background iz the wells (means

0.133 meg/L and 3.770 meq/l, respac-
tivaly) compares closely with that of sul-
phate {means 0.130 meg/l. and 3.115
meag/L, respectively), However, H" con-
centration does not show significant in-
craase even though it is produced at the
same rate as sulphate in the garly stages
of acid genseration. This indicates that the
dissolution of basic calcium and magne-
sium salts from bedrock is sufficient, at this
stage, fo bufier all acid inputs.

Subsequent to groundwater discharge,
oxygen is no [onger Hmiting, Goncentration
of H* increases significantly from the point
where groundwater is discharged {mean of
guarry wells 0.095 meg/l) and where it
exits the quarry {mean 0.464 mag/L). Part
of the increase is immediate and probably
. due to rapid conversion of iron from the
farrous to the feric form (Equation 2} and
subsequent precipitation {Equation 3).
This is indicated by the thick iron hydroxide
deposits at the discharge sites and by the
decrease in iron concentration from
groundwater to the quarry outflow {quarry
outflow mean 0.309 meqg/L).

Sturmm and Morgan (1870) stated that
as pH decreases, ferric iron no longer pre-
cipitates and the more rapid step in the
acki generation process can take place
_{Equation 4). Therefore, assuming that py-

rile is available an the surface, elevated’

iroan concentrations in groundwater dis-
charge will shorten the distance between
tha discharge point and the peint at which
the maximum rate of acid generation is
atfained on the surface of the quarry,
From the above it is apparent that 1he
pathway through which groundwater af-
tecled by quarrying moves has an impor-
- tant etfect on the rate of acid generation.
Groundwater flowing benealh a quarry
may become enriched in iron as it flows
through {rash bedrock fractures. However,
the amecunt of acidity generated by the
quarty activity will be lessened if the jron-

Canadian Water Resources Journal
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wauld be avoided.

. Restricting sxcavation depth will not in-
convenience quarry operators as it would
first seem. Many of these quarries are only
worked for a shart tima. and do not have
adequate drainage systems. As such,
many are operated on a “to groundwater”
hasis because of drainage problems that
arise once the groundwater table is en-
countered, Installation and monitoring of
one or moare monitoring wells at tha site
could provide information on groundwater
level. With this information the operator
could ensure that a meter or two of bed-
rock could be left intact between the bot-
tom of the excawation and the top of the
groundwater table, .

Aluminum concentration is not signifi-
cantly different between the background
and quarry wells (group mean 0.053
meg/L) indicating that aluminum is not an
impertant bufier in quarry groundwater,
After discharge, aluminum cencentration
increases significantly {(mean quarry drain-
age 1.071 meqg/L) as aluminum dissolution
{rom bedrock becomes an important buffer
of acid generated on the surface. This sug-
gests that groundwater supplies in the vi-
cinity of slate quarries may be mors
rasistant o degradation by elevated alumi-
num cencentrations than surface water
supplies.

The observed trends in aluminum alse
have implications with respect to manitor-
ing for the effects of quarry development
on groundwater and for collecting back-
ground groundwater informaticn prior 1o
quarry development, Aluminum concentra-
tions, and aise pH, may compare closaly to
background values even though graund-
water quality_has -been significantly im-
pacted from quarrying. According to the
data fram the quarry used in this study
concentrations of iron, sulphate and hard-
ness are more effactive indicators for eval-
uating gmundwater quality |mpa1rment by
guarrying.

Significantly elevated concentrations -
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of chioride at MP-5 with respect to the
other four monitoring wells (means 6.817

- and 0.124 meq/L, respectivaly} indicate a

hydraulic connaction with the adjacent
highway where salt is used for highway
de-icing. In another part of this study {King,

" 1987) it was determingd that this part of the

highway was-a source of highly acidified
drainage because of the slate used in its'
construction. It is therefore probable that
significantly higher concentrations of iron
and stlphate at MP-5 with respect ta the

* other two quarry walls also originate in the

vicinity of the highway. Mean iron, sul-
phate and hardness concentratiens from

. MP-5 wera 2.133 meq/L, 7.630 meg/L and

10.073, respectively while the means for
samples from MP-3 and 4 were 0.601
meg/L, 0.858 meg/L and 0.618 meqg/l, ra-
spectively. -As such, it is suggested that
water qualily data from MP-3 and 4 are
more reprasentative of groundwater ai-
Tected by quarrying of Halifax Formation
bedrock,

Conclusions

The presence of groundwater discharge

areas within the quarry increases the rate
of acid generation an the surface. Ferrous
iron accumutates in quanry groundwater
and after discharge is rapidly converied to
ferric iron and precipitated. With the result-
ing drep in pH, ferrie iron becames soluble
and the rate of acid generation is accaler-
ated. Therefore, acid drainage from a new
quarry may be minimized by restricting

. quarry excavation to a depth above ithe

local groundwater table.
Aluminum concentration and pH of

groundwater may not be appropriate for for..

usa in evaluating the impact of quarrying
on groundwater. Iron, sulphate and hard-
ness concentrations are more likely to
change significantly as groundwater is af-

. tected by quarrying.

. Dueto contamination of MP-5 by drain-
age {ronmthe highway, water quality data
from the ather two quarry monitoring wells
are more suitable for™ comparison with
groundwater from othar quarries in the
Halifax Formation. Water quality in these
two menitering wells are characterized by

a4

a higher pH, highar iron concentration and
lower aluminum, sulphate and hardness
concentrations than surface watar leaving
the guarry autflow,
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