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southeastern New Brunswick indicates that geothermal gradients across the
region average ~20.5 K/km, which is below the global average of 25 K/km.
Locally, however, potential anomalies exist where geothermal gradients are
well above the global average. These anomalies, pending further assessment,
are associated with relatively shallow-depth salt intrusions. Elsewhere, the
presence of high geothermal conductivity salt deposits has produced “salt
chimneys” whereby overlying, near-surface rocks have steeper geothermal
gradients than adjacent regions. Accordingly, whereas average values for
regional geothermal gradients are not conducive to economic large-scale EGS
using current technologies and may also lower the potential for economic
sequestration of supercritical CO2, small-scale, lower temperature, shallow,
geothermal systems may be feasible in localities associated with salt intrusions,
particularly if further analysis supports a “salt-chimney” effect.
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ABSTRACT

To date, assessing the feasibility of Enhanced Geothermal Systems (EGS) in New Brunswick has been limited
by the lack of information pertaining to geothermal gradients. Existing maps have incorporated less than a dozen
datapoints, mostly from dedicated investigations in and adjacent to the central uplands that cross the province
from southwest to northeast. To supplement this data, provincial records that report Bottom Hole Temperatures
from exploration boreholes have been reviewed and coarsely filtered for dubious data. This process has contributed
over 100 additional datapoints in the southeastern half of the province that have been converted to geothermal
gradients to supplement previous maps. The updated geothermal map of southeastern New Brunswick indicates
that geothermal gradients across the region average ~20.5 K/km, which is below the global average of 25 K/km.
Locally, however, potential anomalies exist where geothermal gradients are well above the global average. These
anomalies, pending further assessment, are associated with relatively shallow-depth salt intrusions. Elsewhere,
the presence of high geothermal conductivity salt deposits has produced “salt chimneys” whereby overlying, near-
surface rocks have steeper geothermal gradients than adjacent regions. Accordingly, whereas average values for
regional geothermal gradients are not conducive to economic large-scale EGS using current technologies and may
also lower the potential for economic sequestration of supercritical CO,, small-scale, lower temperature, shallow,
geothermal systems may be feasible in localities associated with salt intrusions, particularly if further analysis
supports a “salt-chimney” effect.

RESUME

Linsuffisance d’information sur les gradients géothermiques a limité I'évaluation de la faisabilité des systemes
géothermiques avancés (SGA) au Nouveau-Brunswick. Les cartes existantes ont incorporé moins d’une douzaine
de points de données, la majorité provenant d’investigations spécialisées et adjacente a des terres hautes centrales
traversant la province du sud-ouest au nord-est. Pour compléter ces données, on a examiné les dossiers provinciaux
faisant état des températures de fond des trous de forage dexploration et on en a effectué un filtrage grossier pour
repérer les données douteuses. La démarche a ajouté dans la moitié sud-est de la province plus d’'une centaine
de points de données qui ont été convertis en gradients géothermiques enrichissant les cartes antérieures. La
carte géothermique mise a jour du sud-est du Nouveau-Brunswick indique que les gradients géothermiques
dans la région correspondent en moyenne a environ 20,5 K/km, ce qui est inférieur a la moyenne mondiale
de 25 K/km. 11 existe toutefois des anomalies locales dans des endroits ot les gradients sont trés supérieurs a la
moyenne mondiale. Les anomalies en question sont associées, en attendant une évaluation plus poussée, a des
intrusions de sel & des profondeurs relativement faibles. Ailleurs, la présence de dépots de sel d’'une conductivité
géothermique élevée a produit des « cheminées de sel » dans le cas desquelles des roches de subsurface sus-
jacentes présentent des gradients géothermiques plus élevés que les régions adjacentes. En conséquence, bien
que les valeurs moyennes des gradients géothermiques régionaux ne favorisent pas le recours aux SGA a grande
échelle économiques utilisant les technologies existantes et puissent en plus abaisser le potentiel de séquestration
économique de CO, supercritique, l'emploi de systéemes géothermiques peu profonds, de température inférieure,
pourrait étre envisageable dans les endroits associés a des intrusions de sel, en particulier si une analyse plus
poussée corrobore un effet de « cheminée de sel ».

[Traduit par la redaction]

fFrom: Atlantic Geoscience Special Series on “Geoscience in support of Net-Zero in Atlantic Canada (and beyond). Atlantic Geoscience, 60, pp. 243-251.
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INTRODUCTION

Greater environmental awareness of the impacts of burn-
ing fossil fuels is leading to an increased focus on renew-
able-energy alternatives such as geothermal energy or deep
subsurface storage of captured CO, emissions (Michael et
al. 2016; Vilarrasa and Rutqvist 2017; Oelkers and Gislason
2023). The economics of both alternatives are intricately tied
to geothermal gradients. THese gradients are due to the con-
trast between the hot core of the earth and its cooler surface
(Fig. 1), coupled with crustal processes that (i) conductive-
ly transfer heat, such as volcanic activity and the decay of
radioactive isotopes in intrusive igneous rocks, and (ii) con-
vectively transfer heat, such as hydrothermal systems (hot
springs, etc.) and petroleum migrations (Procesi et al. 2019;
Goes et al. 2020).

What constitutes geothermal energy is variably defined
across Canadian jurisdictions (Huang et al. 2024). Herein,
we use the terms as follows. Where crustal processes are
active, high temperature “hydrothermal” (or conventional
geothermal) resources have been used for steam-powered
electricity generation for over a century (Gupta and Roy
2006). Elsewhere, most other industrial-scale geothermal
potential lies in the “unconventional geothermal” or “En-
hanced Geothermal Systems” (EGS), using heat-mining
technologies to directly utilize stored thermal energy (Tes-
ter et al. 2007; Breede et al. 2013). To date, active large-scale
EGS systems utilize temperatures of ~390 K (~120° C) or
higher (e.g., Cloetingh et al. 2010; Blécher et al. 2016; Lu
2018), although with technological and other advances,
development of this “deep unconventional geothermal”
resource currently appears possible with temperatures as
low as ~330 K (Guo et al. 2018). Although heat energy is
ubiquitous throughout the subsurface, being sourced from
Earth’s core, it requires extensive deep-drilling programs
to access and exploit at a large (industrial or community)
scale. At the scale of individual buildings and greenhouses,
low-temperature (280-370 K), “shallow unconventional
geothermal” resources are economically accessible at shal-
lower depths and utilized through closed-loop geo-heat
pumps, or through heat transfer of the “warm” groundwater
via heat exchangers (Gupta and Roy 2006).

Effective subsurface sequestration of CO, is dependent on
the captured CO, being stored in pore space as a supercrit-
ical fluid (i.e., as dense as a liquid, but flows like agas and
with no surface tension; Span and Wagner 1996). This state
requires pressures of >7500 kPa, temperatures of >308 K,
and suitable reservoir quality and volume. Current carbon
storage projects often utilize existing infrastructure origi-
nally developed to extract oil and gas to pump back waste
CO, that has been separated from natural gas or produced
from burning the fossil fuels (e.g., at Sleipner in Norway
and Weyburn in Saskatchewan, Canada; Ferguson 2013).
Where such infrastructure is not available, deep-drilling
programs similarly must be completed to access sufficiently
high temperature and pressure subsurface reservoirs (saline
aquifers).

For both EGS and sequestration in saline reservoirs to
be economically viable, drilling costs must be minimized.
Many interlinked factors impact costs, including operator
and labour expenses and expertise; drilling-rig type, de-
mand, and operational efficiency (e.g., number of casing-
strings, drill-bit replacements, and loss-of-circulations), as
well as geological conditions (rock properties, overpres-
sures, undesirable gases, etc.) and depth (length if not drilled
vertical) of the borehole (Kaiser 2007; Lukawski et al. 2014;
Shamoushaki et al. 2021). Time-related factors, such as time
to drill to target depth, is estimated to directly and indirectly
account for about fifty percent of total costs (Lukawski et al.
2014). Steeper geothermal gradients that minimize required
drilling depth are therefore advantageous.

For Maritimes Canada, subsurface temperatures and basic
thermal models have been recorded in several academic and
government reports over several decades (e.g., Jessop 1968;
Hyndman et al. 1979; Reiter and Jessop 1985; Drury et al.
1987; Grasby et al. 2012). As reported in Keighley and Ma-
her (2015), these data were reviewed for initial Canada-wide
assessments for CO, storage and, in estimating the required
depth to achieve supercritical CO,, consensus was to assume
a geothermal gradient of ~25 K/km or ~ 60mW/m?, which
globally is often reported (e.g., Allen and Allen 2013) as the
average gradient for the upper continental crust. Thus, as-
suming a somewhat high average annual surface tempera-
ture of 283 K for New Brunswick, supercriticality would be
achieved below ~1 km depth (Keighley and Maher 2015).
At a similar gradient, industrial-scale EGS currently would
be viable at below ~4 km depth. Most recently, Carey et al.
(2023) used 0.8 km as the depth above which supercriticali-
ty was highly unlikely.

These earlier reports, however, have not incorporated all
thermal data available for New Brunswick, such as those
from the files of onshore petroleum and salt-potash explo-
ration boreholes. Only now are more complete regional
geothermal assessments from the Maritime Provinces (e.g.,
Comeau et al. 2020; de Luca et al. 2021; Skinner and Wach
2021; Raymond et al. 2022), and adjacent areas such as the
Gaspé Peninsula of Quebec (Chabot Bergeron et al. 2016)
being compiled. In this paper we provide a fuller assessment
of the regional thermal gradients for the southeastern half
of New Brunswick, where almost all the available subsurface
data for the entire province is sourced; in the process, we
provide an updated geothermal map for the study area and
discuss the implications of this map.

GEOLOGICAL SETTING

Southeastern New Brunswick (Fig. 2) is underlain by a
“basement” of various igneous, metamorphic, and sedi-
mentary rock related to multiple peri-Gondwanan passive
margin, volcanic arc, and back arc terranes (Miramichi,
Annidale, St. Croix, New River, Brookville, and Caledo-
nia) that were successively accreted against the Laurentian
continental margin during the early Paleozoic, and their
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Figure 1. Diagrams to illustrate earth’s geothermal gradient and how (near-surface) layers of rock of different composition,

and hence thermal conductivity, can influence the gradient.

sedimentary cover sequences (Fyffe et al. 2011, 2023; Wal-
dron et al. 2022). They occur within numerous fault-bound-
ed linear belts that follow the regional SW-NE fabric im-
posed by the Acadian Orogeny and earlier accretionary
orogenic events (Fyffe et al. 2011, 2023). Reactivation of
these boundary faults in a transpressional setting during on-
going collision of Gondwana with Laurentia (Alleghanian
Orogeny) uplifted and eroded these belts in the later Paleo-
zoic. In contemporaneous areas of transtension, numerous
pull-apart basins (in the study area these are the Cocagne
Graben, Moncton, Sackville, and Cumberland basins; Fig.
2) accommodated the variably kilometres-thick succession
of Devonian-Carboniferous pebbly to muddy clastic sedi-
ment shed from the uplifts (e.g., Keighley 2008; Craggs et al.
2017). Post-orogenic thermal relaxation resulted in a Penn-
sylvanian-Permian siliciclastic cover sequence (Greater
Maritimes Basin) that blanketed the earlier, more localized
pull-apart basins and many of the interspersed, eroded up-
lifts (collectively the Maritimes Basin Complex, Keighley
2008). Partly overlapping the southernmost areas are depos-
its of the Fundy Basin, which developed as one of a series of
half-graben rift basins on some of the old terrane-boundary
faults, possibly by the latest Permian and continuing through

to the Jurassic (Sues and Olsen 2015). This rifting reflected
break-up of Pangaea and was precursor to the opening of
the Atlantic Ocean. Basin subsidence allowed for the accu-
mulation of several kilometres of sediment and basalt flows
associated with the latest Triassic to possibly earliest Jurassic
Central Atlantic Magmatic Province (Kontak 2008; With-
jack et al. 2009). Subsequently, only very localized, poorly
consolidated Cretaceous sediment (Falcon-Lang et al. 2003)
has been preserved in what has been primarily an erosive
and otherwise generally inactive geological region for over
150 million years.

METHODS
Records examination and data limitations

Information is available from the New Brunswick Geo-
logical Survey pertaining to provincial drilling records of
over 800 boreholes, mostly from wells drilled in southeast-
ern New Brunswick. These well reports cover the years from
1909 to 2011 and are associated with a variety of commer-
cial and public drilling projects. The records are therefore
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Figure 2. Geological map of New Brunswick with overprinted locations of existing geothermal data and locations of bore-
holes that were reviewed for information regarding bottom hole temperature. BT = Brookville Terrane, CB = Cumberland
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non-standardized and vary in the legibility, quantity, and re-
liability of information that they provide, thus introducing
uncertainties into estimates of geothermal gradients (Ko-
lawole and Evenick 2023). However, these sources provide
the only additional temperature data available. We compiled
each borehole’s unique identifying number, longitude and
latitude, elevation (ground or Kelly Bushing), total mea-
sured depth, degree of inclination (calculated or taken di-
rectly from the deviation survey), true vertical depth, and
bottom hole temperature (BHT) in Microsoft® Excel spread-
sheets. Borehole locations are shown in Figure 2. Many
of the boreholes are extremely shallow (<100 m and thus
likely subject to surface temperature fluctuations) or do not
have a record of BHT; these boreholes are therefore exclud-
ed from the review. We assume that boreholes that do not
have a record of any deviation have been drilled vertically.
A few otherwise complete well records have been discard-
ed because of contradictory data (e.g., two different BHTs
lacking timestamps in different reports from the same well)
or otherwise suspect data. For example, following Comeau
et al. (2020), significantly elevated temperatures at depths

of less than 300 m were rejected because seasonal surface
temperatures might have affected the temperature reading,
or because there was insufficient documented time allowed
for the heat of the drilling bit to have dissipated before the
temperature reading was taken (Bullard 1947; Blackwell and
Spafford 1987). Some researchers in mid-continent North
America also applied corrections to BHT's in those locations
based on thousands of available records (e.g., Crowell et al.
2012), but we deemed this unworkable for our data because
of the paucity of documented BHT readings, and times of
readings. Indeed, we considered only 107 of the well records
to have an "initially acceptable” value for construction of a
more complete geothermal contour map of southeastern
New Brunswick. Published data from twelve additional
locations, such as the geothermal surveys noted in the in-
troduction that included data from an onshore well nearby
in western Prince Edward Island, are also included in the
mapping (Fig. 2). The data are far from evenly distributed,
with a predominance of drillholes south of Moncton (corre-
sponding to the Stoney Creek oil and gas field) and around
Sussex (McCully gas field and salt mining).
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Geothermal calculations and mapping

For the “initially acceptable” boreholes, geothermal gra-
dients are calculated by subtracting surface temperature
(T,,.) from the BHT, then dividing by true vertical depth
(TVfD). The results are then multiplied by 1000 to achieve
values for the average change in temperature per kilometre
depth in units of K/km; thus:

Geothermal Gradient = 1000 (BHT -T )/ TVD

Note that geothermal gradients can also be estimated by
dividing a measured heat flow, Q, in milliW/m?, by an av-
eraged thermal conductivity of the rock, k, in W/m-K, over
that depth interval. Conversions included in this manu-
script use k = 2.7 W/m-K following, e.g., Goes et al. (2020).
There are also numerous ways of measuring Q, e.g., Clauser
and Huenges (1995).

Average surface temperatures are known only for weather
stations near the major urban centres in southeastern New
Brunswick, and they vary only from 278 to 279.5 K (Gov-
ernment of Canada 2024). Accordingly, since surface tem-
perature at a borehole location is likely some unknown val-
ue between these two temperatures and dependent on local
microclimate, a constant 278.5 K is adopted as the surface
temperature for all boreholes.

Once all subsurface thermal gradients were calculated, we
produced a geothermal contour map using commercially
available software (Surfer™ by Golden Software). Each dat-
apoint on the map (Fig. 3) equates to one borehole, where
longitude is assigned to the x-axis, latitude to the y-axis, and
the calculated geothermal gradient to the z-axis. The krig-
ing gridding method is used because of the widely uneven
geographic distribution of datapoints, and no inferences are
made outside of the main data hull (i.e., the map was left
blank beyond the northwesternmost datapoints containing
acceptable BHT data).

RESULTS AND DISCUSSION

For the 119 accepted datapoints, the mean value of the
geothermal gradient for the uppermost crust in southeast-
ern New Brunswick is ~20.5 K/km, with all except seven of
the datapoints being within 12 K of this average (i.e., 9-32
K/km; Fig. 3), and only 27 lying at or above the global av-
erage of 25 K/km. The limited datapoints recorded across
the Miramichi Terrane and New Brunswick Platform, all of
which have low thermal gradients, skew the map represen-
tation (Fig. 3) and makes the below-global-average gradi-
ents for the uppermost crust appear even more extensive.

The geothermal contour map, however, reveals three
“bullseye” areas with anomalously high subsurface temper-
ature gradients; these areas are concentrated in two regions,
one south of Moncton and two near Sussex. Both
bullseye regions have well mapped, typically diapiric, salt
deposits at less than 1.5 km depth (Wilson and White 2006).
These deposits include anhydrite, halite, and potash, which
are crustal rock types with some of the highest measured

thermal conductivities (over 5 W/mK) and thus may be act-
ing as localized “salt chimneys” (Zhuo et al. 2016; Canova
et al. 2018), bringing warmer subsurface temperatures clos-
er to the surface. For example, up to 16 K/km increase in
thermal gradients are noted in Saskatchewan (Moore and
Hollénder 2020), and T of 25 K higher than enclosing strata
have been noted in the Netherlands (Daniilidis and Herber
2017); however, Raymond et al. (2022), while noting gradi-
ents exceeding 40 K/km under the Magdalen Islands, cau-
tioned that this effect is limited to shallow salt intrusions.
Hitherto unidentified hydrothermal fluids circulating near
the anomalies is another explanation, albeit speculative,
that cannot be ruled out. Alternatively, the anomalies could
represent additional examples of false BHT readings where
insufficient time was allowed (but not clearly reported) for
the heat of the drilling bit to have dissipated before the tem-
perature reading was taken (Bullard 1947). If all twelve of
the bullseye datapoints indicating geothermal gradients
above 30 K/km are considered false readings and removed
from the database, the mean value of the geothermal gradi-
ent would be revised downward to 18.4 K/km. Many of the
remaining datapoints above the global average are also from
the same salt-bearing regions and if they too are removed
from the analysis, the mean geothermal gradient drops even
further. A further screening of these bullseye anomalies,
indeed all datapoints used to construct the map, requires
additional investigations such as thermal modelling of each
borehole. This is beyond the scope of the present contribu-
tion. At this stage, the bullseye anomalies are considered
real and potentially indicative of shallow salt chimneys, but
caution is strongly advised. Regardless, southeastern New
Brunswick has predominantly low geothermal gradients
that can be considered to extend into the rest of the Mar-
itimes, given the similar geology in Prince Edward Island,
Nova Scotia, and contiguous offshore regions. Indeed, in
their assessment of the fewer borehole datapoints available
in Nova Scotia, Comeau et al. (2020) indicated that the
Springhill/Athol REI-B1-4 (P-104) borehole, less than 4 km
southwest of mapped salt wells in the Cumberland Basin,
has the highest corrected geothermal gradient of 28.18 K/
km for that province.

The low geothermal gradients across southeastern New
Brunswick and adjacent regions therefore conform with the
fact that eastern Canada has been generally inactive tectoni-
cally for at least the last 150 million years, and that most ma-
jor intrusive igneous bodies in the region are of Devonian
or older age. As a broad approximation, global rates of heat
flow at the surface decrease with increasing age of crust or
increasing time since orogeny, e.g., higher values of 90-60
mW/m? (33.3-22.2 K/km) or more in currently tectonically
active regions, lower values of 50-30 mW/m? (18.5-11.1
K/km) in Archaean cratons (Artemieva and Mooney 2001;
Goes et al. 2020). Kolawole and Evenick (2023) recently sug-
gested that the heat-flow values noted above are appropri-
ate for new and old oceanic crust, but on continents lower
geothermal gradients better correlate with increased crustal
thickness. Further, they considered that sedimentary basins,
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Figure 3. Histogram of geothermal gradients reported in New Brunswick from previous work or determined from bot-
tom-hole temperatures (BHT), and same data reported geospatially using Surfer software (see text for data filtering and

processing details).

such as the Maritimes and Fundy basins, exhibit distinct
ranges of gradients that reflect their prevalent tectonic and
geodynamic origins. Kolawole and Evenick (2023) also pro-
vided more supporting evidence to earlier studies suggest-
ing that rates of heat flow will decline exponentially once a
certain time interval has passed since active tectonism has
occurred, rapid sedimentation or exhumation has ceased, or
a certain crustal or lithospheric thickness is exceeded; these
authors also noted that after ~50 million years values sta-
bilize.

The New Brunswick data additionally indicate that, with
current technologies requiring temperatures of ~390 K,
industrial-scale EGS will only be available at greater than
~5.5 km depth (5.5 km @ 20.5 K/km average gradient, plus

surface T of 278.5 K = 391 K). Likely, technological improve-
ments, which either reduce drilling costs and/or enhance
heat extraction at lower temperatures, will be required be-
fore industrial-scale EGS can be widely developed econom-
ically in southeastern New Brunswick and adjacent areas.
This does not preclude the economic development of shal-
lower (lower temperature) small geothermal projects such
as that investigated by the town of Sussex for development
above its salt mine (Town of Sussex 2024), particularly if a
“salt chimney” effect holds up to further scrutiny. Springhill
in northern Nova Scotia has been extracting heat from mine
waters since 1994 to aid with home heating.

Our findings have implications also for CO, sequestra-
tion potential in the region. Assessment values used to date,
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e.g., supercriticality at 1 km depth by Keighley and Maher
(2015) and 800 m depth by Carey et al. (2023) likely overes-
timate the overall geothermal gradient and hence underes-
timate the depth at which CO, will be a supercritical fluid.
With a 20.5 K/km geothermal gradient and average surface
T = 278.5 K, a depth of ~1.44 km is required before T =
308 K and supercriticality is achieved. To counter the lack
of CO, compressibility at shallower depths, a volumetrically
much larger reservoir, for example, would be required.
These implications further lower the sequestration potential
for southeastern New Brunswick (central lowlands / New
Brunswick Platform and the southeastern lowlands / Monc-
ton-Sackville Basins), as well as the western Gulf of St Law-
rence and Prince Edward Island, where declining porosities
and permeabilities occur below 1 km depth (Lavoie et al.
2009). The revised estimate for the geothermal gradient may
not affect the sequestration potential for the Bay of Fundy,
where the Irving—Chevron et al. Cape Spencer No. 1 well,
drilled near an anticlinal crest, contains two sands, 36 and
37 m thick, of very high porosity and permeability below
1.45 km depth (Keighley and Maher 2015).

CONCLUSIONS

A review of provincial borehole records has recovered
BHT data for over 100 locations in southeastern New
Brunswick. These data, publicly available although of highly
variable quality and hence reliability, have been converted
to geothermal gradients to supplement previous data-poor
maps of the province. The updated geothermal map of south-
eastern indicates that geothermal gradients average ~20.5
K/km across the region, which is below the global average
of 25 K/km. With current technology, such gradients are
not currently conducive to economic large-scale EGS and
may also lower the potential for economic sequestration of
supercritical CO,. Locally, potential anomalies that will re-
quire further verification exist where geothermal gradients
are well above the global average and where development
of small-scale, lower temperature geothermal systems may
be warranted. These anomalies are associated with relatively
shallow-depth salt intrusions that elsewhere, such as under
the Magdalen Islands, have raised near-surface geothermal
gradients to 40 K/km.
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