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T The first oil well in Canada started out as a
water well in 1858 north of Chatham Ontario
in a town later known as Oil Springs.

1858 EERR]
5 (
T A year later, the famous 1859 oil discovery in R
Pennsylvania kicked off the modern ol
industry in United States

T The arrival of the oil drilling industry was not
entirely accidentaltit was driven by
demand for mineral oMvhich before 1858
had been extracted from oil seeps or as a
fouling byproduct in brine wells used for salt | Nafonalseines o cans
production '
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An existing market, waiting for a product

TIn the 1850s, the industrial revolution was in full swing and lubricated and
lighted mostly by train (i.e., whale) oil, which was in steep decline

+The decline in whale oil T ———————
began before the firstoil Peak in whale oil
wells and was driven by ...
scarcity, first of spermaceti, ==
then a decade later of all
whale oil L

T There was an economic
Incentive to find ways to
access and use mineral oil
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1858 tfirst oil well

3,000,000

.
aCC I d e n t) Walter S. Tower (1907). A History of the American Whale Fishery. Table IIl, pg 126
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Qll Industry Egpansion Ontario

T Gas is much more common than oil in southern Ontario strata and drilling fc
gas by landowners was very common, especially on the Niagara Peninsula

T (land granted in most parts of Canada before 1921, had no separation of
surface and mineral rights)

1 Gas wells were often drilled by farmers
who had only to cable-tool drill down
200m to get gas most of the time.

Wooden ga
well casin

Legend Dundee Bass Islands / Bertie

Lucas Salina

... Gaswells - current and
abandoned Onondaga Guelph
Bois Blanc Lockport

Oriskany Clinton-Cataract Group
B Queens ton

a
D Exogenic sulfate sample

Recorded gas wells on the Niagara Peninsula
Map: Ontario Geological Survey (OGS) MRD 219; Data, Oil, Gas and&atteRe
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T Following minor attempts at oil extraction in places

such as Waterton, the large Turner Valley gas (later
oil) field was discovered (1914)

T However, the modern Alberta Oil industry started
with the discovery of the Leduc Field in 1947.

TIn Alberta, land surface rights do
not include mineral rights and
therefore a regulatory oversight
system was required from the
beginning, in order to lease-out 4
exploration and drilling rights to .
oil and gas companies
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1 In Ontario
+ The oil and gas industry started arguably earlier than any other (1858)
+ On private land, often by farmers who held the mineral rights
+ Exploiting mostly small, shallow gas deposits
+ Operated for decades before regulations were developed

TIn Alberta
+ The industry started almost ~90 years later (1947)

+ Operations, mostly by large companies, on public land or land where the surfa
rights were held by others

+ Exploiting larger, deeper oil & gas deposits
+ Operations developed in lock-step with regulations
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Legacy of gaswellsin Ontario

I Problems related to legacy gas wells have been in W
the news a lot lately MAIL* |
Globe and Mail, August 19, 2022

IIIIIIIIIIIII

T Wheatley, Marentette Beach, Forestry Farm Road _
are just some of the better know areas where Where are Ontario's abandoned gas
legacy hydrocarbon infrastructure has caused rells, and what risis do they pose:
problems, including injuries and fatalities fside The HIoDes Investisation

T Much of my work at Matrix since | joined is still 4
bound by client confidentiality. So, rather than talk |
about Matrix projects specifically, | am discussing
the problems of legacy wells in a regional context.

T I will be relying on data from my former position as
Science Leader for Geochemistry at the Ontario
Geological Survey but all of it is in the public

domain.

Photo, S.M. Hamilton
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T All the major bedrock units in southern Ontario
have characteristic groundwater chemisttyhis is

sulphate as one example

T One big exception is .,
on the Niagara
Peninsula, where they: -
share no relationship,

and the water is
uniformly poor
T Multiple repeat

studies, including 2
theses showed similar
results and implicated
legacy gas wells
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Bedrock Geology
- Port Lambton Group
- Kettle Point

Hamilton Group
- Marcellus

Dundee

Lake
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Bass Island/Bertie

Salina

Guelph

Amabel

Lockport

Clinton-Cataract Group
I Queenston

Georgian Bay

- Blue Mountain

!:I Outline of breathing well area
(R. Hopper pers. comm. 2010)

W Selected cities/towns

Sarnia

Interface wells - wells +1 m from the bedrock surface
Subcrop wells - wells in the subcropping bedrock unit
Deeper wells - wells in a deeper bedrock unit

Lake Erie
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Bay

Owen Sound

Bedrock Wells
Sulphate
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wells wells wells
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From Hamilton (2011)
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Hydrogen sulphide groundwater domains

83°W 82°W 81°W 80°W 79°W
1 1 1 1 1
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The geographic problem in southwestern Ontario

T Allegheny Plateau New YOEK ..z gy S
dominates the local LUSN NG

relief of the entire Scale varies
i Lake Erie = 400 km, enc
direct catchment t0 end

area of Lake Erie

T Little Pelee Island Ontario
has bedrock artesian
water levels that are
~4m above lake leve,
(176 mASL)

Michigan

Modified after Hamilton, 2020
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S, what causesthe upward fluid movement?

¥ ,,\M'V Vi 4
o

S g
T Niagara Allegh
Peninsula in e
regional

context

t Far higher
relief on the US
side, just
across the lake

+ Queenston
Formation
underlies the
whole
peninsula at a
depth of 200 m
at its centre

Modified after Hamilton, 2020b

Matrix Solutions Inc.
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Hydrostratigraphic cross section t Lake Ontario to
Allegheny Fateau

Chautauqua {430]
@ Maple Springs.

13 Matrix Solutions Inc.
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Lake Ontari

Schematic cross section

10N

North-south cross sect

South
Allegheny
Plateau
650+ m ASL)

Y Water table

(450

Lake Erie
(174 m ASL)
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Lake Ontari

-south cross section
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Lake Ontari

North-south cross section

20 km
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Inferred natural deep-flow scenario

North-south cross section

20 km

Allegheny
Plateau

7Y Expected locations for naturally
mineralized springs

¥ Deep strata-bound flow
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Inferred effect of leaking wells + natural upward gradients
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Lake Ontari

North-south cross section

Upward migration of deep fluids and/or gas

Abandoned hydrocarbon wells or deep water wells
Surface discharge

A

Shallow aquifer impact
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I Naturally occurring hydrogen sulphide,@j is widespread in Ontario groundwater with more
than half of all drilled wells having water with at least som&.H

T But it can also be related to human drilling activities and infrastructure that edinectly

release deep {f* ~Zepo

% ZUWE A 5§ E[U

mcompatlble materlal$hat react to generate 6 as a blproduct
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Origin of Hydrogen Quiphide tCH +30,~

3182 Drilled Well Samples

T As expected, most samples
have either S¢3-or CH but not
both

(o]
o

[*))]
o
®

B
o

Methane in groundwater (ppmw)
S

0 500 1000 1500 2000 2500
Sulphate in groundwater (mg/L)

Data from Hamilton (2022)
20 Matrix Solutions Inc.
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Origin of Hydrogen Quiphide tCH +30,~

I As expected, most samples H,S Samples > 10
have either SE or CH but not 80 (mg/L as S)
both ! O 20
¥ Ones that do have both tend to 60 B
O 10
plot off the axes and have 3

much higher ES

40 |

20

Methane in groundwater (ppmw)

0 500 1000 1500 2000 2500
Sulphate in groundwater (mg/L)

Data from Hamilton (2022)
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T As expected, most samples
have either S¢3-or CH but not
both

T Ones that do have both tend to
plot off the axes and have
much higher ES

T The highest k& samples are
approaching the origin because
they are trending toward zero
on one or both axes

T Only 3 of 41 with >10 mg/L,8,
have_no methanéshown in
blue)

100

80

60

40

20 F

Methane in groundwater (ppmw)

0 500

Data from Hamilton (2022)
22

1000
Sulphate in groundwater (mg/L)

H,S Samples > 10
(mg/L as S)

()

O 10

>10 HS Samples

e With SO4 & CH4
e With SO4 Only

1500 2000 2500
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T Sour gas is natural gas that contains hydrogen
sulphide

T In Alberta HS in sour gas can exceed 70%; in
Ontario it rarely exceeds 2% but this is still far
above the instantly lethal concentration of 1000
ppmv (0.1%) -

T Fortunately, it is comparatively rare, except in far
Southwestern Ontario in two geological unitghe
Guelph Formation and A1/A2 carbonates in ESSelaa s
and Kent Counties (and offshore Lake Erie)

T According to the final reports that were just
released, the hydrogen sulphide at Wheatley,
where the explosion took place in 2021, was sour
gas. In that case,.,8 was around 4000 ppmv.

3 g8 Matrix Solutions Inc.




Biogenic Hydrogen Qulphide

T In groundwater, this reaction is always microbially mediated, yielding biogg8ic H

1 CH and SG do not coexist naturallyg . ST SN SR
because the reaction is fast (weeks - | B AR
to months) consuming one or both
the reactants, resulting in:

1. H,S & Chiwith no S@*
2. H,S & S¢Fwithno CH

¥ When S¢F- & CH are found together
in groundwater, it often indicates
non-natural processes adding:

+ CH, into a SQ- rich aquifer
+ SQ? (fluid) into a CHt rich aquifer

Sulphuroxidizingbacteria (sulphurreducing 8§ E] } *Vv[8 % Z}S}PE %oZ
24 Matrix Solutions Inc.
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Aqueousvs. Gas-Phase H,S

10% -
- >0.005 mg/Lt Detectable by smell: 1745 sampl&&%9 o + OGS data: 3182 Drilled
1% | e well samples with non-
B : | null H,S data
S ' HiXii uPDetection limit: 1340 %0 ° r ¢, vEC[+ > AU
= 3 ! Ies42°/d o f
= v, Samp concentration of a
© : | dissolved gas in a closed
£ w0+ ; system is directly
C | proportional to
AU 1w : concentration in the gas
- | phase (if present)
! i UPI>W TA0 8%u%0 «|~
1 - I >
: Hiil uPI>W 81 230600 *~
0.1 - :. :. SE— -
0.001 0.01 0.1 1 10 100 1000

: Matrix Solutions Inc.
OGS Data from Hamilton (2022)HZS(aq) In groundwater (mg/l- as S) ENVIRONMENT & ENGINEERING



AgqueousVvs. Gas-Phase H,S
Potential Gas Goncentrationsin Context

o + About ¥4 of all

' o groundwaters tested by
e °° the OGS could produce
' gas above the short-
term exposure limit
(STEL) of 15 ppmv

T About 1% of
groundwater, under
specific circumstances,
could produce gas
concentration > 1000
ppmV

100000 &

1000 +

100 +

=
o

HZS(g) in air (ppmv)

0.1 N T T T T
0.001 0.01 0.1 1 10 100 1000

: Matr:x Solut:ons Inc
OGS Data from Hamilton (2022)HZS(aq) in groundwater (mg/tassy & Tatixsolutions In




Aeration to Remove H,SCan Be Extremely Dangerous

Matrix Solutions Inc.
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H,SRemoval Systemsin Groundwater
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|sotopic domains of H,S t rich groundwater

Not related to gas wells s sw s1w sow 70w
T Kettle Point,tnear surface | Legend o s [ U Jam
i i I 32 Kettle Point \.+ I, - - % g e o ilometers
SO4 into methaniferous — Pt v  <4HSGUERE 5 %
groundwater_natural B e . Lake Huron R Lk Ontario,
:I: |pperW8.Sh trought Lucas 27;Amherstburg l\\
SO4 mixing in water wells 25: Bois Bilano \
. . 23: Bass Islands
Wlth methanlferOUS A 21: Salina ks
groundwater 205 N
. 18: Lockport
Likely gas-well related: — :; g:t::;;a:ract : (see Smal, 2017 & P

1 Leamington-Pelee Island, Matheson et. al, 2018)

deep fluids + deep gas
1 Norfolk Sand Plain, incised

- Groundwater sample (drilled wells)

H2S (mg/L
valleyst SO4 from ( 90.3)1
intermediate strata + deep __| = AR i

thermogenic gas
t Niagara Peninsula:

deep/shallow SO4-rich . . , , :

1 . 83!’W 82°W 81°W 80°W 79°W
fluids; deep/shallow gas From Hamilton (2023)
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® H2S sample, >10 mg/L




Results of Smal, 2017 SuUdy wsc. vewasten

Lake Ontario
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- e Kilometers
Bass Islands
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30

T Isotopic data for sulphur
Isotopes & carbon in methane
were collected along with the
usual comprehensive suite of
Ambient Groundwater
parameters

The results show two major trends:

r v N AEIP V] *HO%0Z S
with very high SO4 that is
strangely depleted sulphate

(WSo,=-5to +10: VCDT)

t Evidence of sulphate reduction
by either and both biogenic and
thermogenic methane
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S04

Bedrock Geology B
H edrock Wells
I Fort Lambton Group
sqzSulphate in well water || g | Sulphate
Georgian
(mg/L) [ Hamitton Group Bav
- Marcellus '
2400 Dundee i Owen Sound
Lucas !';U_‘L
i 95th Percentile Queenston Amherstburg/Onondaga uron
i i |
75th Percentile hal Bois Blanc Collingwood
1920+ Median snales Bass Island/Bertie
| 25th Percentile Salica
5th Percentile - Cueleh
Amabel
1440+ Lockpart
T Clinton-Cataract Group
) - Queenston @ Q° o
B Other Georgian Bay o e . -2 .° e (G Torento
960 shale I Bive Mountain 6' i) -
- Outline of breathing well area . ) 11
1 units —] R - ,. Lake Ontario
W Selected cities/towns ’ @ o . Hamilton
480 { ] o
4 Sarnia
(-2
. @ .
0- o]
Simcoe .
7, o
A RTINS PP Niagara
%A®% »%//o 3 8 9&0 %‘ /&{@ /49 s@’ ‘9‘5@/ /"o e% 0/0 \999 I
o7 0.8, %, % %, %, 0, Anomaly,
(4 (Y %, %y % | o,
Niagara Anomaly References: s, % e ndsor
Matheson,E.J.2012nalysis of the anomalous gFoundwater : Lake Er
geochemistry of the Niagara Peninsula, Canada. B.Sc. thesis, i % ek e
Yu v[e hv]A E«]5GU <]vP+3}vU Kv3 E]}X o
Smal (2017)Natural and anthropogenic sources controlling oL ]
regional groundwater geochemistry on the Niagara Peninsula.
. X . Legend
McMaster University, M.Sc. thesis. Q Ihiorrace" Suttrie: nusoar
Matheson,E.J, Hamilton, S.M. and Kyser, K.., 2lgallow e e s S0 mgnt
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Terreg r|a| E/aporltes White Sands, New Mexico

Queenston Formation, Niagara Peninsula

Gangest Brahmaputra Delta




Results of Smal, 2017 SuUdy wsc. vewasten

t Isotopic data for sulphur
Isotopes & carbon in methane
were collected along with the
usual comprehensive suite of
Ambient Groundwater
parameters
] ] The results show two major trends:
T v NAEIP V] _ ep0%Z S
with very high SO4 that is
O strangely depleted sulphate
] | (WS;0,=-5to +10: VCDT)
T Evidence of sulphate reduction

O by either and both biogenic and
thermogenic methane

o o

D Exogenic sulfatu Biogenic CL—ID Thermogenic CH From Smal, 2017

Sulfate reduction: unknown carbon sourcD CH, carbon sourceD
33




%
J”"f

O
O
m

A
(Matheson, 2012)

From Smal, 2017 & Matheson, 2012
34

Groundwater flow from Matheson, 2012 Sudy  sc. queens)

¥ Anomalous trend in

exogenic sulphate
crossegnultiple
groundwater flow

systems
Downstream
impact is reduced
or minimal relative
to core of anomaly,
therefore impact is
modern and likely
to be
anthropogenic




Ontario has arguably the oldest oil and gas industry in the World, with
SZ (]J]&e<S }]o A oo ]Jves oo Jv ionoU }v C &
A oo A+ E]Joo ]Jv W vveCOoA V]
For the next 50 years or so, best drilling practices could not have been
followed because they had not been developed yet

Drilling practices improved after that, but it would decades more before
adequate decommissioning practices were widely followed anywhere,
Including Ontario

Therefore, the serious groundwater problems related to legacy gas well:
Jv *}usZA s Ev Kvs E]} & v} } C— Z( nos|

It also important to first realize our industry is tiny compared with some
jurisdictions t Alberta, for example, has 450,000 recorded wells to our
ToulIil Y
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When | started at Matrix, | was very surprised to hear that over several
decades Matrix has worked on tens of thousands of well abandonments
In Western Canada

When one considers that Alberta decommissions ~3000 wells per year
and that one company alone has supported 10s of thousands it put the,
admittedly very serious problems in Ontario into perspective

There are 27,000 wells on the books but only a small fraction of those
will be problematic and we know, regionally, where they atedhave
AYEI Jv oo T }(SZ ul]v %E&}) ou E =+ ]v sZ
Matrix.

With proper prioritization and ranking of the problem wells, there is
1:every chance we could get a handle on this issue in the not-too-distant
uture.
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