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Abstract. In January 2020, a scientific borehole planning workshop sponsored by the International Continental
Scientific Drilling Program was convened at Cornell University in the northeastern United States. Cornell is plan-
ning to drill test wells to evaluate the potential to use geothermal heat from depths in the range of 2700–4500 m
and rock temperatures of about 60 to 120 ◦C to heat its campus buildings. Cornell encourages the Earth sciences
community to envision how these boreholes can also be used to advance high-priority subsurface research ques-
tions. Because nearly all scientific boreholes on the continents are targeted to examine iconic situations, there are
large gaps in understanding of the “average” intraplate continental crust. Hence, there is uncommon and widely
applicable value to boring and investigating a “boring” location. The workshop focused on designing projects to
investigate the coupled thermal–chemical–hydrological–mechanical workings of continental crust. Connecting
the practical and scientific goals of the boreholes are a set of currently unanswered questions that have a common
root: the complex relationships among pore pressure, stress, and strain in a heterogeneous and discontinuous rock
mass across conditions spanning from natural to human perturbations and short to long timescales. The need for
data and subsurface characterization vital for decision-making around the prospective Cornell geothermal system
provides opportunities for experimentation, measurement, and sampling that might lead to major advances in the
understanding of hydrogeology, intraplate seismicity, and fluid/chemical cycling. Subsurface samples could also
enable regional geological studies and geobiology research. Following the workshop, the U.S. Department of
Energy awarded funds for a first exploratory borehole, whose proposed design and research plan rely extensively
on the ICDP workshop recommendations.
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1 Introduction: a convergence of society’s need for
low-carbon heat and Earth scientists’ need to
understand continental crust

Global warming and climate change have become the ulti-
mate challenge for a sustainable environment from now into
the foreseeable future. The key to minimizing their impacts is
to utilize renewable energy sources to significantly reduce or
neutralize the carbon footprint of human activities. Geother-
mal energy is one widely available resource within the set of
available and promising resources which, if intensively de-
ployed, would deliver this environmental value. However, the
lack of fundamental scientific and engineering understand-
ing of the subsurface conditions that control the transfer of
deeply sourced heat in rock to circulating fluids, along with
a need to better understand and manage induced seismicity,
has impeded the widespread commercialization of geother-
mal resources. The pragmatic barrier is that a high invest-
ment cost must be paid in advance, while we remain unable
to reliably predict that heat can be produced. The potential
scientific breakthroughs which can improve predictability of
success, costs, and risks would also advance fundamental un-
derstanding of continental crust.

More than one-quarter of the world’s population lives in
the temperate to polar climates north of 35◦ N and south
of 35◦ S latitude where, for most of them, the mean annual
temperature is less than 11 ◦C (52 ◦F) (Kummu and Varis,
2011). Under those conditions, hot water and space heat-
ing are needed for residences and for most indoor working
environments. For the 85 % of that high-latitude population
who reside in the European Union, United States, and Rus-
sia, the consumption of low-temperature heat in homes and
commercial buildings is a large fraction (about 21 %) of to-
tal energy used (see Sect. 2). A future carbon-neutral world
necessitates shifting the source of this heat from combustion
of fossil fuels to a renewable, widely available, low-carbon
energy source.

A thermal resource available almost everywhere is
geothermal energy. However, at present only high-
enthalpy volcanic systems and young rift zones are
utilized commercially for electric power generation,
and low-temperature geothermal resources are underex-
ploited and underexplored. The utilization of 55–85 ◦C
water from the Dogger sedimentary rock aquifer near
Paris, France, to heat over 200 000 housing units ex-
emplifies the potential (https://www.brgm.eu/project/
geothermal-database-on-dogger-aquifer-paris-basin, last
access: 20 November 2020). Likewise, geothermal heat
from the Delft Sandstone has grown to support 3 % of
the heat used for greenhouse horticulture in the Nether-
lands (https://www.ebn.nl/wp-content/uploads/2018/04/
EBN-poster-numbers2016.pdf, last access: 20 November
2020). Yet both those cases also exemplify the limitations:

our current ability to extract water that carries the geothermal
heat is limited to places with high fluid transmissivity, and
those optimum rock conditions are not widespread at the
subsurface depths with suitable temperatures. From the
perspective of routine drilling technology, depth itself is
not a problem, although it is an expense, as subsurface
temperatures in the range of 50–100 ◦C are obtained at most
locations at moderate depths (< 3 km). Rather, the main
physical limitations are low porosity and low permeability.
Vast areas of the continents lack the natural hydrological
capacity traditionally sought in the high-enthalpy systems,
as a consequence of the fact that crystalline basement rocks
occur either at the surface or within a few kilometers’ depth
below the surface. The transmissivity of those rocks is likely
low and, in general, poorly documented. If this natural
geothermal heat resource is to significantly help move
human communities off of fossil fuels, what is currently a
highly uncertain geothermal technology must advance to
become a low-risk, routine option among sources of heat.

One of the typical geological environments with untapped
potential at a few kilometers’ depth is the lower strata of
sedimentary basins and the underlying crystalline basement
(Camp et al., 2018; Limberger et al., 2018). The possibil-
ity that Cornell University may drill an exploratory bore-
hole to a depth in the range of 4–5 km, which will penetrate
nearly 3 km of Paleozoic sedimentary rocks and ≥ 1 km of
granulite-grade Grenville metamorphic rocks, sets up an op-
portunity for novel scientific experimentation to examine the
stress state, hydrogeological and geomechanical conditions,
and the rock and fluid responses to perturbations, both natural
and anthropogenic. Using such a borehole laboratory, there
will be broad applicability for the understanding to be gained
of the state of stress within crystalline basement in an area of
very low natural seismicity and of how low-permeability sed-
imentary rocks as well as heterogeneous mid- to high-grade
metamorphic rocks near the sedimentary–basement contact
respond to the complex relationships between pore pressure,
stress and strain.

In an idealized geothermal energy extraction project,
heated fluids are extracted, the energy is harvested, the
cooled fluids are recycled by injection into a target for-
mation to absorb again the geothermal heat, and the fluid
and heat cycling continues. Yet near Cornell University and
many other places globally, natural in situ conditions are not
likely to provide sufficient contact of circulating fluids with
rock surfaces to achieve acceptable rates of geothermal en-
ergy extraction. In such cases, enhanced geothermal system
(EGS) technologies are needed to promote fluid circulation
and fluid–rock contact area. However, drilling, artificial per-
meability improvement, and fluid cycling all cause pertur-
bations in the subsurface that may have hazardous conse-
quences, ranging from induced seismicity to contamination
of groundwater with geothermal fluids. The EGS activities
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may also fail to achieve the energy extraction targets, which
creates very high financial risks for an EGS.

Interestingly, the uncertainties of induced seismic risk and
of financial risk are rooted in the same scientific unknowns:
the complex relationships among pore pressure, stress, and
strain in rock with pre-existing heterogeneity, across condi-
tions spanning from natural to short-duration human pertur-
bation (e.g., stimulation of fractures) and to long-term hu-
man forcings (e.g., sustained injection and production of wa-
ter supplies, hydrocarbons, or geothermal brines).

Knowledge of geological features, temperature profile,
stress variations, and permeability with increasing depth and
with changing rock type is essential to ensure the proper de-
ployment of EGS applications while minimizing the envi-
ronmental impact. However, in continental crust, a surpris-
ing lack of understanding of stress and permeability hinders
practical developments of EGS at the scale necessary for real
applications in which benefits balance costs. Our primary sci-
entific goal is to gain an understanding of the spatial dis-
tribution and temporal evolution of stress and permeability
with depth and the intertwined relationships with tempera-
ture, lithology, faults, natural fracture groups, rock fabric,
and mineral dissolution and precipitation. This knowledge
will elevate the understanding of (1) how the near-field crust
immediately reacts to changes in pore pressure, geochem-
istry, and resultant thermo-chemo-poroelastic effects; (2) the
influences on far-field crust accounting for a stress halo and
fluid migration; and (3) the risks of induced seismicity and
contamination.

Consequently, a borehole needed to provide data vital for
making decisions about the prospective Cornell geothermal
system can also be an opportunity for experimentation, mea-
surement, and sampling that might lead to major scientific
advances in the understanding of crustal hydrology, earth-
quakes in plate interiors, and fluid-chemical cycling. To ex-
plore the merits of turning a Cornell test borehole into a
broader borehole of scientific opportunity, the ICDP spon-
sored a borehole science planning workshop at Cornell Uni-
versity on 8–10 January 2020.

2 Why central New York State and why now?

Central New York State in northeastern North America is just
one location, yet its need for the conversion to a low-carbon
energy source by which to warm residences and commercial
buildings and to heat water is an extremely common situation
for much of Earth’s population. Cornell University seeks to
lead the way in demonstrating one path forward that could be
widely deployed.

2.1 Carbon neutrality in temperate climate, cloudy,
heavily populated areas is not easy

Cornell University selected 2035 as the date by which to be-
come carbon-neutral on its Ithaca, New York, campus. The

goal was adopted without an operational plan that was feasi-
ble using available technologies of the adoption year, 2013.
A similar pledge was made in 2019 by the State of New
York in the cold-climate northeastern USA on stable North
American continental crust. The state pledged to eliminate
net greenhouse gas emissions by 2050, also without an ex-
isting plan encompassing the removal of carbon from the
energy used to heat residential and commercial buildings.
In New York State, the contribution of heating to carbon
emissions is large: about 35 % of New York’s annual pri-
mary energy is consumed for heating, using energy sources
dominated by the combustion of natural gas, fuel oil and
propane. In New York State, on-site fossil fuel combustion
in the residential, commercial and industrial sectors – all
of which predominantly supply low-temperature space and
water heating – contributes 30 % of greenhouse gas emis-
sions, compared to electricity production contributing 13 %
and transportation 36 % (EIA, 2018a, b, 2019; McCabe et
al., 2016; NYSERDA, 2019). The comparatively low carbon
footprint of New York’s electricity generation is due to major
hydropower and nuclear contributions. It is evident that the
eventual successful decarbonization of the heating of homes
and commercial buildings in heavily populated regions de-
mands an overhaul of the energy supply for heating, such as
by use of geothermal energy.

The concept under evaluation by Cornell University, to
utilize geothermal heat by tapping fluids in rock at temper-
atures in the range of 60–120 ◦C, could also serve widely
in New York State to heat residences and commercial build-
ings, for certain industrial activities, and to assist controlled
agriculture operations for food production. Although New
York State has banned high-volume hydraulic fracturing in
horizontal wells, as practiced for production of gas or oil
from organic-rich shale, the long-established use of hydraulic
pressure to stimulate existing fractures remains legal. Hence
both the options of natural transmissivity and fluid flow
through stimulated fractures are plausible fluid-flow path-
ways. Nevertheless, the technical uncertainty and investment
risks for direct-use geothermal energy projects are dominated
by the uncertainty about establishment of fluid flow through
a well field that is sufficiently dispersed to sweep heat from
rock surfaces in a large volume of rock, rather than to short-
circuit through a small set of flow paths. The university’s
view of the next step to test the opportunity is that there
are three intertwined objectives: to develop a demonstration
reservoir using a well pair that will deliver 20 % of Cor-
nell’s heating demand, to de-risk the deployment of geother-
mal direct-use heating throughout New York and other states
with similar geology and climate, and to engender activities
that are in keeping with the core university mission: research
advances, education, and outreach with novel solutions for
broader societal issues.
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2.2 Accessing geothermal resources where continental
geology is “normal”: a world class problem at a
geologically representative site

The ICDP-supported workshop focused on land owned by
Cornell University in Ithaca, NY, USA, where the surface
geology consists of Devonian sedimentary rock and the sub-
surface geology includes 2.80 km ± 0.2 km of Paleozoic sed-
imentary rocks overlying complex Precambrian-age meta-
morphic rocks (Fig. 1). Nearby, the sedimentary rocks are
documented (Camp et al., 2018; Al Aswad, 2019) and the
metamorphic rocks inferred to be of very low permeability.
According to Limberger et al. (2018), across 16 % of Earth’s
land surface there exist generally comparable geothermal
reservoir systems: a thick sedimentary column over conti-
nental basement. That statistic demonstrates the commonal-
ity of Ithaca, NY, with a large fraction of the globe. Never-
theless, for central New York, the paucity of sufficient poros-
ity in all but a tiny fraction of the strata sets the possible
geothermal reservoirs apart from the desirable “Hot Sedi-
mentary Aquifers” reservoir category considered to be es-
pecially good targets for geothermal heat extraction (Wright
and Culver, 1991), like the highly permeable Dogger Lime-
stone of the Paris Basin (Le Brun et al., 2011). Instead, the
central New York State data lead to anticipation that the con-
ditions will be more like those documented by Dillinger et
al. (2016) in the Cooper Basin of Australia, where complex
diagenesis resulted in low permeability and lack of sufficient
fluid production at a geothermal test well. For Cornell, it is
likely that access to the geothermal heat will require frac-
ture flow, which puts in the spotlight the natural characteris-
tics of fractures in both sedimentary and metamorphic rocks
and raises key questions about the behavior of those fractures
in the ambient stress field under the perturbed conditions
that might be imposed in an effort to hydraulically stimulate
flow along fractures or that might develop during long-term
geothermal field production.

Large areas of all continents are underlain at several kilo-
meters’ depth by mid-grade to high-grade metamorphic com-
plexes that formed in ancient orogenic belts. Like many lo-
cations, the basement rocks anticipated in the proposed Cor-
nell borehole will be composed of complex, heterogeneous
lithologies, with anisotropic mineralogical, petrological and
fabric characteristics, in which occur numerous generations
of fractures that formed since peak metamorphism and are
filled with multiple generations of minerals. The region is an
archetypical domain of a very low level of natural seismic ac-
tivity (Fig. 1) – in a circular area exceeding 13 000 km2 cen-
tered on Cornell University, there have been no earthquakes
of magnitude > 2.5 in at least a century. A set of scientific ex-
periments designed for and conducted in a deep borehole in
central New York State can address questions that are generic
and not specific to the eastern United States.

Integration of findings for the continental crust of New
York with those expected from a similar set of experi-

ments designed for a geothermal borehole at TU Delft in
the Netherlands (Vardon et al., 2020) could, together, illu-
minate answers to a series of basic questions, in the inter-
est of accelerating the safe use of subsurface thermal energy.
Is the continental crust everywhere at a condition of critical
stress (Zoback and Gorelick, 2012)? How heterogeneous is
the stress field with depth and across lithologic boundaries?
How does the subsurface, especially at the sedimentary rock–
basement interface, respond to perturbations? And how will
potential chemical and mineralogical reactions during op-
erations couple to permeability, pressure transmission, and
strain? Answers to these questions can provide broad insight
into seismic risks and potentially how to mitigate them. Tech-
nical risks can also be addressed by determining whether the
sedimentary rock–basement interface is a relevant geother-
mal development target and under what rock conditions arti-
ficial stimulation could improve permeability to achieve ad-
equate fluid flow and prolonged heat transfer to permit direct
use of geothermal energy where continental crust is naturally
of low permeability.

3 Workshop structure

The workshop was designed to maximize cross-disciplinary
sharing and debate, to minimize passively listening to pre-
pared presentations, and to lead to one or more innovative
scientific projects worthy of funding. The organizers could
anticipate what might be some of the big scientific themes
that would become transformed into tractable borehole sci-
ence projects as a result of the workshop, yet we did not
wish to squelch thoughts outside of the bounds of our precon-
ceived notions. The invitation and application process had as-
sembled a large group with little shared background knowl-
edge of the major questions in one another’s area of interest.
The focus would be a specific location with unchangeable
(albeit partially unknowable) subsurface materials, and the
participants would need a simple but comprehensive intro-
duction to the materials. We did not want the group to dis-
perse without written outcomes that would lead to submitted
proposals for funds needed to conduct the science research
program.

The first two days of the 3-day workshop involved 35 visi-
tors and 26 Cornell faculty, technical staff, and students. The
third day of the workshop was limited to a proposal writing
team of six visitors and one of the Cornell hosts and a report
writing team of two visitors and one of the Cornell hosts. The
first two days were dedicated to a series of breakout sessions
and plenary sessions. The single hour of background presen-
tations conveyed a quick picture – 5 min limits – of the state
of the art in themes we expected to be major science chal-
lenges and major approaches to illuminating key processes as
well as the nature of the materials and structures expected in
the Ithaca subsurface. A poster session was available during
all breaks, and several meters of core through rocks similar
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Figure 1. Map of geology and historical earthquakes in New York State. Geological map shows bedrock composition immediately sub-
jacent to soil and Holocene sediments (USGS map source, https://mrdata.usgs.gov/geology/state/map.html?x=-75.6897884252848&y=42.
9882351360762&z=7#, last access: 20 November 2020). The Adirondack Mountains in northern New York are enclosed in a subcircular
black polygon. For sedimentary rocks of the Appalachian Basin, the geological periods corresponding to some of the mapped colors are
labeled on the map. Subsurface basement lithologies are known from petrographic analysis of samples of cores and cuttings that are archived
by the New York State Museum (Benjamin R. Valentino, unpublished data, 2016). Positions of major shear zones of the Adirondack crys-
talline rocks (solid black lines) are from Valentino et al. (2008) and Valentino and Chiarenzelli (2018). Projections of those shear zones
beneath the Appalachian strata (dashed black lines) are based on Chiarenzelli and Valentino (2020). The set of blue lines in western New
York is the Clarenden–Lynden fault zone, and the set of blue lines adjacent to the southern Adirondacks are faults that cut lower Ordovician,
Cambrian and basement units (from Jacobi, 2002). Earthquakes are from USGS compilation span January 1920–20 January 2020 (USGS
Earthquake Catalog, https://earthquake.usgs.gov/earthquakes/map/, last access: 20 November 2020; details of search listed among references
cited). Induced earthquakes in western New York are attributable to brine mining-related work and to brine injection tests in an attempt to
develop new caverns for gas storage (Smith et al., 2005; Horowitz et al., 2017). Polygon surrounding Ithaca delineates Tompkins County.
A black line near Ithaca shows the location of a seismic reflection profile leased by Cornell to establish the distribution of faults and folds
(Fig. 3).

to what are expected below Ithaca were on display. Even af-
ter opportunely adding three extra talks while the workshop
progressed, the total structured workshop time dedicated to
slide presentations was about 8 %. There were three length
exceptions, yet only 15 min each: Cornell’s lead engineer in
the Earth Source Heat project team, the Dean of Engineering,
and representatives of the U.S. Continental Scientific Drilling
Program and the New York State Museum. The latter short
presentation introduced the materials, services, and protocols
for data and samples that are hosted by their organizations
and available for integration into a proposed Cornell-based
test borehole scientific program.

In the remaining > 90 % of the time, the dominant activi-
ties were breakout discussions interspersed with plenary dis-

cussions. The first breakout groups were seeded with five top-
ics, populated by self-selected participants, and dedicated to
brainstorming. The second breakout activity moved the re-
gional geological experts into the other groups, as a knowl-
edge resource. In the third breakout session, the geologi-
cally oriented group reconvened while the drilling group dis-
banded, and those experts placed their drilling and borehole
management experience in the science-focused breakouts.
Through that series of slightly shifting breakout themes and
participants and intervening plenary discussions, the interest
groups evolved from laudatory-but-impractical dreams to a
more realistic borehole project design. On the second day,
new breakout groups were constituted based on expertise
rather than interest, and these groups critiqued and refined
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the research approaches suggested by the first-day groups. A
session was dedicated to considering the operational coexis-
tence that would be needed between the scientific projects
and the Cornell ESH borehole team, whose focus would
be on managing risk, minimizing costs, and achieving the
practical goals of the borehole. In anticipation that funds
needed for some of the scientific experiments would need
to be raised from multiple funding sources and that princi-
pal investigators behind these complementary projects would
not necessarily be Cornell University personnel, a hypothet-
ical organizational structure to coordinate and evaluate pro-
posed borehole sampling and experiments was unveiled and
critiqued, benefitting from feedback from participants with
experience in other collaborative natural laboratories.

Undoubtedly this workshop structure would have ap-
peared to be quite messy if one were watching the events. Yet
the outcome was that the full group of participants was en-
ergetically involved and learning from one another at a high
rate. The theme area interest groups as well as the workshop
group as a whole moved forward to create an integrated sci-
ence plan and experimental framework that became physi-
cally realistic, albeit complex and challenging.

4 Geological features of the Cornell borehole
project site

Existing borehole and geophysical data for New York State
indicate that the Ithaca area basement rocks are likely sim-
ilar to those which crop out in the Adirondack Moun-
tains (Fig. 1), which is a Grenville age mid- to high-grade
metamorphic dome. We expect the basement to be a mix-
ture of metasedimentary and meta-igneous rocks, repeat-
edly folded while ductile (McLelland et al., 2010; Chiaren-
zelli et al., 2011; Valentino et al., 2019). If represented
by the Adirondack Mountains, the petrological heterogene-
ity likely spans marbles to anorthosite, with composition-
ally variable gneisses and schists. Cuttings and kimberlite
xenocrysts (Kay et al., 1983) in the region near Cornell Uni-
versity confirm this degree of variability.

The length scale of compositional heterogeneity in the
basement likely spans centimeters to tens of kilometers, and
there would likely be strong anisotropy of metamorphic fab-
rics at scales of millimeters to kilometers. Superimposed brit-
tle fractures in the Adirondacks are abundant, with dominant
orientations trending NE and NW, and most are filled with
mineral veins (Wiener and Isachsen, 1987; Valentino et al.,
2016). Whether any of the outcrop fracture properties are ap-
plicable to the deep subsurface of the Appalachian Basin is
unknown.

The dominant sedimentary rocks near Cornell are an up-
ward progression from basal sandstones, to carbonates, and
to siliciclastic mudstone and sandstone, interrupted by hun-
dreds of meters of Silurian evaporite deposits, dolomite, and
mudstones (Salina Group) and by two intervals of organic-

Figure 2. Left: approximate geological column near Ithaca, NY.
Paleozoic sedimentary rocks extend to about 2850 m depth ±200 m,
underlain by metamorphic basement. Targeted intervals to probe for
their geothermal reservoir conditions are indicated by brackets, cor-
responding to the BR (Black River), GP (Galway and Potsdam),
BCZ (basement contact zone), and CB (crystalline basement). Cut-
tings from 46 m (150 ft) penetration into the basement by a borehole
10 km south of Cornell indicate a hydrothermally altered granitic
to monzonitic gneiss (Benjamin R. Valentino, unpublished data,
2016). Near Cornell’s campus, xenocrysts in kimberlites are very
rich in Mg, suggestive of granulite-grade marble in the upper base-
ment (Kay et al., 1983). Right: predicted temperature–depth pro-
file below Cornell University in Ithaca, NY, based on geostatistical
interpolation of the surface heat flow as estimated from corrected
borehole temperatures in the Appalachian Basin near Ithaca, utiliz-
ing 10 000 Monte Carlo replications to incorporate the uncertainty
in geologic properties and heat flow estimates (Smith, 2019). The
uncertainty distribution of predicted temperatures for each 0.5 km
depth interval is shown as a pale red violin plot (kernel density plot).
White circles are placed at the median predicted temperature at each
depth, and a narrow black box in the center spans the 25th to 75th
percentile estimates.

rich shales (Fig. 2). The best-documented structures near
Ithaca are of two types. First, there are small-magnitude ex-
tensional or transtensional fault sets localized in narrow, shal-
low grabens (Fig. 3), known well for hosting major gas fields
(Smith, 2006). The second type of structures are small mag-
nitude folds and thrusts of the distal Alleghanian Orogeny,
localized within and above the weak shales and evaporites of
the Silurian section (Fig. 3).

Thermochronological data imply that Cornell’s near-
surface strata were originally covered by 3 ± 1 km thick-
ness of Carboniferous and Permian strata, all of which
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Figure 3. Line drawing of an interpreted seismic reflection profile (location in Fig. 1) which traverses a short distance east of Cornell’s
targeted geothermal well field area of interest. Black thin lines are stratigraphic contacts within the sedimentary rock column. Purple thick
lines are faults. Near 0.5 s TWTT, the set of faults are thrusts within the weak series of Silurian mudstones and evaporites. Between 1.0 and
1.5 s TWTT the faults are of two classes. The small-offset sub-vertical sets are typical of the Trenton–Black River grabens, related to wrench
faults. The sub-horizontal faults are small displacement thrusts. Both the shallow and deep thrusts likely were active during the Alleghanian
Orogeny. Interpretation by Jordan (2019).

were erosionally removed (Miller and Duddy, 1989; Roden
and Miller, 1989; Heizler and Harrison, 1998; Shorten and
Fitzgerald, 2019). During Paleozoic deposition and the sub-
sequent long hiatus, today’s preserved strata experienced ex-
tensive compaction and cementation, which rendered them
strong. With few exceptions, the sedimentary rocks of the
deepest 1 km of the Appalachian Basin in New York State
have porosity < 10 %, and the dominant porosity is < 5 %
(Martin, 2011; Al Aswad, 2019). Localized higher fracture
porosity is inferred but not measured (Martin, 2011). In gen-
eral, there is a lack of permeability data. We deduce that per-
meability for this rock interval must be less than in produc-
tive gas fields north and west of Cornell, where the best val-
ues range from 0.1 to 4 millidarcy (10−16–10−15 m2) (Lugert
et al., 2006), and therefore permeability of most of the
deep strata is likely on the order of microdarcy (10−18 m2).
Near Cornell, the known exceptions occur in narrow, local-
ized pods of hydrothermal dolomite associated with grabens,
where much higher porosity and good permeability occur
within a single 30 m thick interval about 500 m above the
basement (Smith 2006; Camp and Jordan, 2016).

Available data suggest that the porewater throughout the
column of sedimentary rocks possesses a summed Na and Cl
concentration between 200 000 and 300 000 mg L−1 (Waller
et al., 1978; Lynch and Castor, 1983; Blondes et al., 2017).
Although very saline, the brine composition is within the
range of basinal brines known globally (Houston et al.,
2011). The pore fluids in the crystalline basement rocks are
not documented; they might be similarly concentrated brines
with somewhat distinctive compositions (e.g., Frape et al.,
1984) or they might be much less saline.

Ithaca has at least one highly unusual geological fea-
ture, which likely will not generalize to most other conti-
nental crust: very narrow (centimeter to meter) late Meso-
zoic kimberlite dikes are abundant in north-trending frac-
tures in the Ithaca region (Fig. 3) (Kay et al., 1983; Bai-
ley et al., 2017). Limited geochronological data indicate that
dike intrusion occurred around 146–148 Ma (U–Pb ages;
Heaman and Kjarsgaard, 2000) or in two clusters between
113 and 146 Ma (K–Ar ages) (Basu et al., 1984; Bailey and
Lupulescu, 2015). The heat pulse associated with the kim-
berlites decayed long ago.

The deep geology below Ithaca also has numerous uncer-
tainties. One category of uncertainty is natural fractures at
depths below the weak mudrocks and evaporites of the Sil-
urian (Fig. 3). Another uncertainty is the nature of features
that control gentle folds deep in the sedimentary column
(Fig. 3). Whether these are related to inherited topography at
the top of the crystalline basement or represent reactivation
of basement faults during the Alleghanian Orogeny cannot be
resolved with the available subsurface data. These uncertain-
ties likely contribute to the commonality with other potential
geothermal energy sites in continental interiors – there are
always unknowns regarding the mechanical conditions and
heterogeneities within the subsurface.
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5 Findings

5.1 Multiple, complementary boreholes improve the
scientific value of a project

A strategy for a scientific borehole mission at Cornell Uni-
versity must be placed in the context of coexistence with
a pair of boreholes planned to demonstrate the viability
of producing geothermal fluid at a sufficient flow to meet
20 % of Cornell’s building heat needs. Those demonstration
boreholes must be wide enough in diameter to sustain pro-
duction at a flow rate on the order of 30–70 kg s−1; typ-
ically, due to this flow rate, geothermal production wells
are wider in diameter than used for the oil and gas indus-
try, groundwater production, or mineral exploration. Hence
careful consideration is needed of what types of in-borehole
activities and monitors are compatible with the needs of
a well that eventually may function as either an injection
or withdrawal well. Given that the geothermal demonstra-
tion wells would be wide in diameter, cased through in-
tervals that present environmental or borehole management
risks, maintained in a disturbed condition if production is
initiated, and necessarily that their operations would pri-
oritize the success of the geothermal project, there would
be both short-term design and long-term management chal-
lenges related to co-located scientific program activities. The
design and management challenges for scientific activities
include the following general possibilities: interruptions to
the higher-priority geothermal-focused activities; costly de-
lays in higher-priority activities; technical incompatibility
between methods of anchoring permanent monitoring equip-
ment and casing programs; and the potential for stuck tools
or borehole wall damage or collapse, which place future ac-
cess and use of the borehole at risk of failure.

The scientific and geothermal demonstration boreholes are
unambiguously complementary to one another in their mis-
sions, data streams, and outcomes. Nevertheless, discussions
at the ICDP Workshop of efforts to complete in the same
borehole both programs, science and geothermal operations,
repeatedly arrived at concerns that workarounds to do both
would create a higher-priced, technically more challenging
borehole program with higher overall likelihood of technical
failure.

An alternative is to design the initial geothermal borehole
demonstration project as a three-hole system (Fig. 4). A first
stage would include two boreholes. Hole 1A would be a slim-
mer diameter hole to the top of the basement and a short dis-
tance into the basement, preferably 100–200 m, from which
an extensive rock core would be extracted. Hole 1B would
follow soon thereafter and be a borehole of wide enough di-
ameter to potentially be used for well field extraction or in-
jection and drilled to the intended project total depth, prefer-
ably 1–2 km into the crystalline basement. Hole 1A would
serve as a dedicated exploratory/observation hole in which
investigations would be undertaken to address uncertain-

Figure 4. Schematic of the geology beneath Cornell and of the three
boreholes recommended by the workshop exercise. An initial bore-
hole is recommended as stage 1A (yellow well), which would be
dedicated to collection of samples and data and later be transformed
into a long-term observatory. Holes 1B and 2 are the other two wells
illustrated. Those pilot demonstration wells would be of wider di-
ameter, adequate for producing or injecting the large-volume flux
needed for a successful geothermal heat project. Perturbations of
the near-field subsurface by drilling, testing, stimulating, and pro-
ducing the wide-diameter wells would be monitored by equipment
installed in the smaller diameter borehole as well as by seismome-
ters at the surface and in shallow boreholes.

ties regarding hydrologic properties and conditions, ther-
mal resource potential, coupled thermo–hydro–chemical–
mechanical behavior, and chemical reactivity. These studies,
complemented by geophysical and geologic investigations
and modeling analysis, would provide important insights for
designing subsequent production wells and help reduce risk
for the project overall.

In the short term, Hole 1A would be characterized with
a battery of geophysical wireline logs to directly measure
physical properties, characterize fractures, orient core, and
indicate stress, and a vertical seismic profile to tie core
and reflection seismic depths (Table 1). Prior to comple-
tion, quantitative measures of in situ liquid transmissivity
and stress at successive depths are necessary to character-
ize the reservoir and assist in the assessment of seismic risk.
During completion, Hole 1A would be equipped with fiber
optic cables to allow for short- and long-term monitoring of
the vertical profile of temperature and strain, with seismome-
ters and with pressure sensors. Hole 1A would be available
for subsequent geophysical investigations intended to assist
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Table 1. Initial borehole logs, tests and samples recommended for Hole 1A and their purposes.

Borehole logs, tests, and samples Categories and purposes (categories: 1 – hydrological assessment; 2 – thermal resource
assessment; 3 – fracture stimulation/mechanical response and seismic risk; 4 – chemi-
cal/mineralogical reactivity; 5 – thermal/mineralogical history; 6 – microbiology)

Online gas monitoring (1, 3) Indicate in near-real time the passage of drill bit into rock with different pore
fluids or changed efficacy of fracture permeability

Wireline logs: caliper; natural
gamma; neutron; density;
electrical resistivity; sonic;
borehole televiewer

(1, 3, 4) Document rock lithology, porosity and fluid distribution in rock, and differen-
tiate fresh versus saline water, gas, and oil
(3) Determine seismic wave velocity
(1, 3) Locate and characterize fractures
(3, 4) Document orientation of lithologic fabric
(3) Document borehole breakouts to characterize stress orientation and maximum hori-
zontal stress magnitude

Fracture tests at numerous depths (1) Establish vertical profile of minimum compressive stress magnitudes.
(3) Establish vertical profile of formation pore-pressure magnitudes.

Packer (flow) tests at target
horizons

(1) Hydraulic transmissivity

Cuttings and coring (full diameter
preferred at all depths)

(2, 3) Rock lithology, stratigraphic identification, unit thicknesses
(3) Properties of mineralized fractures
(1, 2, 3, 4) Laboratory measurements of physical properties for constraining stress
determinations and models.

Fiber optic based Distributed Tem-
perature, Strain rate, and Acoustic
Sensing

(1, 2, 3) Identify fluid inflow/outflow zones, thermal recovery, and strain responses to
drilling perturbation along full length borehole.
(3) monitor hydrologic and strain response to subsequent operations

Wireline in situ fluid sampling (4) In thick zones of enhanced permeability, obtain formation fluid sample

Fiber optic DTS (1) Identify fluid inflow/outflow zones along full length borehole, characterize back-
ground temperature along borehole.

Fiber optic (DSS/DAS) (3) Document strain responses to perturbations along full length borehole and monitor
seismic wave field along full length borehole.

Core analyses refined (1,2,4) Mineralogy; geochemistry; geomechanical and thermo-poroelastic properties;
thermal conductivity, diffusivity, and heat capacity; access porewater samples; natural
gamma; density; porosity; P-wave velocity; electrical resistivity
(3) Fracture properties; structural fabric; mineral-filled fracture properties
(5) Thermochronological analyses of progressive depths
(5) Petrology and geochemistry
(6) Characteristics of microbes in varying host rocks across range of temperatures

Analyze fluid samples (4) Determine fluid chemistry, integrate viscosity and density into production models,
begin to evaluate scaling
(6) Characteristics of microbes in varying host rocks/fluids across range of temperatures
and salinities

Install and monitor borehole
seismometer

(3) Document background seismicity. Refine velocity models (for site seismic response
model).

Hydraulic well tests (1) Hydraulic properties of screened/open interval (e.g., transmissivity, permeability,
specific storage) and thermal cycling (pump) tests

in planning for the production drilling and for longer-term
monitoring of the disturbed rock mass.

By having a dedicated observation hole, borehole inves-
tigations (including and beyond those in Table 1) are pos-
sible which could provide broadly applicable scientific in-

sights. For example, an understanding of the thermal and
mineralogic history of deep geology within the region can
be assessed, the deep microbiology can be sampled and eval-
uated, and the coupled thermo–hydro–chemical–mechanical
processes associated with subsurface perturbations can be
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monitored, analyzed, and compared with other geologic set-
tings around the world.

A key part of the completion of Hole 1A will be maintain-
ing, ideally for many years, some direct access to the reser-
voir to allow for direct sampling of fluids and the monitoring
of pressures and productivity during the later production. The
preliminary results from Hole 1A would be used to finalize
the drilling plan for the first production-diameter Hole 1B.

The exploratory borehole would be designed to be vertical
to facilitate testing and stratigraphic mapping. In contrast, the
production demonstration borehole might intentionally devi-
ate from vertical in order to optimally access the reservoir, or
it might involve laterals.

Once both Holes 1A and 1B exist, inter-borehole commu-
nication of fluids, pressure, and temperature can be investi-
gated. After formation tests and fracture tests are performed
using one or both of these boreholes, the need for a stim-
ulation plan to develop sufficient fracture permeability to
maintain viable heat production would be re-evaluated and
the detailed plan finalized and conducted. Then the second
stage would begin, the drilling of another production Hole 2,
planned to land within the zone of fractures stimulated from
the 1B borehole.

Whichever borehole plan advances, it will be accompa-
nied by monitoring of seismic activity using a local seismic
array that has been operational since 2019 and that might
be densified during drilling and testing. Furthermore, group
discussions revealed that there is considerable value to com-
plementing the borehole observations with advanced seis-
mic probing of the area near the proposed geothermal well
field. Seismic fracture mapping (Sicking and Malin, 2019)
offers the possibility of independent documentation of the
spatial variability of permeability in the rock volume, and a
three-dimensional seismic reflection profile would enhance
understanding and modeling of the shape of the sedimen-
tary rock–basement interface, with its key mechanical role.
Although these advanced seismic experiments might be con-
ducted prior to drilling the first well, alternatively they could
be conducted in the months between boring Holes 1A and
1B and therefore take advantage of newly available sonic ve-
locity data from the borehole and of the potential to combine
surface seismic nodes with instruments in Hole 1A.

The workshop led to an appreciation that the scientific
value of subsurface studies would be greatly enhanced by
including both the small diameter Hole 1A and demonstra-
tion project Hole 1B. The core scientific problems involve the
behavior of a volume of rock: the coupled responses among
stress, strain, mineralogy and chemistry of the rock-fluid sys-
tem in the volume when perturbed. Given a single borehole
as the initial experiment, the information derived from tests
would inform us of a single vertical column of rock, whose
horizontal dimension is limited to a few square meters. If in-
stead there are two initial boreholes (1A, 1B), the logging
data set and active tests will document the properties, con-

ditions, and heterogeneity of a more representative rock vol-
ume.

Even more importantly, Hole 1A would be a relatively
inexpensive investment to reduce subsequent risks during
drilling of the more costly production holes. First, documen-
tation of the temperature profile below Cornell would remove
the uncertainty on existing temperature estimates (Fig. 2)
which have been used as the basis for assessing the eco-
nomic viability of a geothermal well field. Second, conduct-
ing much of the logging and coring in the comparatively slim
hole would greatly reduce the risk of damage or borehole loss
to the first demonstration well. Third, data and insight from
an integrated package of samples and rock property logs
and tests in Hole 1A would allow refinement of the drilling
and casing plan for the primary, wide borehole (Hole 1B).
Fourth, while formation tests and fracture tests are conducted
in the broad diameter well, simultaneous observations in the
observation Hole 1A would underpin better interpretations
on which further major decisions (preparations for stage 2)
will rely. In combination with geophysical data collected in
paired borehole–surface experiments, the heterogeneity, ver-
tically and horizontally, of the first two wells would lay the
foundation for characterizing the anisotropy of rock, frac-
tures and fluids prior to drilling the third well. This 3-D in-
formation would improve models of what will occur during
stimulation and inform the design of a third borehole. Having
a firm basis in advance for those models would improve the
value of the exercise of model validation through comparison
of fractures and fluids in the third borehole to the models and
comparison of modeled stimulation to true stimulation data.

5.2 Unique properties of the proposed borehole(s)
location

Counterintuitively, the lack of anything “special” about a
central New York State borehole site is one of the most com-
pelling attributes of this project. To date, scientific boreholes
in continental crust have been selected to investigate active
tectonic (e.g., Wenchuan Fault, Alpine Fault, San Andreas
Fault, East African rift zone; Mori and Ellsworth, 2014) or
volcanic systems (e.g., Iceland’s Krafla volcano, Japan’s Un-
zen volcano, the US’s Yellowstone plume; Kukkonen and
Fridleifsson, 2014), or very rare but large ancient cataclysmic
events like meteorite impacts (e.g., Chicxulub, Chesapeake
Bay; Koeberl and Claeys, 2014). Only the hydrocarbon in-
dustry, waste disposal industry, and mining industry drill
several-kilometer boreholes into “normal” crust, and those
wells focus on a commercial purpose with few or no oppor-
tunities for experiments to probe basic scientific questions.
This leaves the Earth sciences community with large gaps in
understanding of the “average” intraplate continental crust.
Boring (drilling) and investigating a “boring” location is in
fact novel.

The number of boreholes drilled for scientific purposes or
used as holes of opportunity in “boring” older cratons re-
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mains very small. That said, such boreholes, which include
the Kola “superdeep” borehole in the former Soviet Union,
the German KTB project, the Finnish Outokumpu drilling,
and most recently the Swedish Scientific Drilling Program,
have overturned many of the long-standing presumptions of
the characteristics of the crust. Specific examples of break-
throughs include the topics of the existence of fluids (e.g.,
Lodemann et al., 1997; Smithson et al., 2000), fluid chem-
istry (e.g., Kietäväinen et al., 2013), gas compositions (e.g.,
Wiersberg et al., 2020) and seismic characterization (e.g., Si-
mon et al., 2017; Schijns et al., 2012). The Swedish program
completed two boreholes, COSC-1 to nearly 2500 m depth
in late 2014 and COSC-2 to 2276 m in 2020. Although the
scientific goals of the Swedish boreholes differ, their experi-
ences will be invaluable in planning and deploying Hole 1A.

A 2014 summary of completed ICDP projects (de Wit,
2014) illuminated that the proposed Cornell borehole,
planned to traverse Devonian through Cambrian strata and
continue well into rocks that achieved their mid- to high-
grade metamorphic status 1000–1350 Ma, also targets an in-
terval of Earth history that has been ignored in all but two
ICDP boreholes.

Cornell University is committed to broad and rapid public
dissemination of all data extracted from the borehole. Rather
than the development of tools or methods hoped to provide
industrial and business advantages, as might be common in
some boreholes with experimental activities, the university’s
intent is that the borehole activities and data be widely dis-
seminated. The workshop served as the initial opportunity
to consider some models for archiving and distributing sam-
ples and data, such as the usual procedures recommended by
ICDP and IODP.

Furthermore, the willingness of Cornell to host a scientific
borehole at the initiation of the large-scale geothermal energy
experiment provides the opportunity for characterization and
monitoring of the natural, unperturbed subsurface state over
a large depth range and then to continuously measure nat-
ural and human-perturbed changes over time. If appropri-
ately designed and installed, the proposed Cornell borehole
set would measure field-scale characteristics, and its findings
can be integrated with what is learned in mesoscale under-
ground laboratories that enable and host long-term moni-
toring, such as the Sanford Underground Research Facility
(South Dakota, USA) and Bedretto Underground Laboratory
(southern Switzerland).

5.3 The natural organization of scientific themes into an
integrated borehole program

The workshop participants focused largely on research
themes that related to Earth’s internal dynamic activities, a
major emphasis for the ICDP program. Three major themes
are tightly connected: fluids and elemental cycling, seismic-
ity across a range of length scales, and controlling subsur-
face fractures and fluid flow. These themes would likely be

at the heart of a project that is well positioned to garner suffi-
cient funds to carry out a deep borehole program. Two other
major themes, of deep life and of the thermal–chemical–
mineralogical evolution from Proterozoic through Phanero-
zoic times, excited many participants. While it is perceived
that these two themes are unlikely to independently attract
sufficient funds to drill a borehole, the workshop group wel-
comed the beneficial knowledge of deep life and deep history
that can be extracted from samples and conditions at a bore-
hole.

5.3.1 Fluid cycling, fractures, seismicity, and working
constructively with the subsurface to harness
geothermal energy

In low-porosity sedimentary rocks and in mid- to high-grade
metamorphic rocks, what is the natural state of fluid cycling
and of fractures, and how would the extent and variability
of fractures determine the fluid flow through fracture per-
meability if the system is intentionally perturbed? How do
perturbations transmitted across long distances act to either
restrain or cause induced earthquakes? How close to critical
failure are various parts of the deep strata and the crystalline
basement?

A Cornell scientific borehole project has the potential to
address all of these fundamental questions regarding the
stress response of low-porosity sedimentary rocks, metamor-
phic rocks, and their fracture systems to pressure perturba-
tions near the interface of strata with the basement. To test
the hypothesis that continental crust is everywhere critically
stressed (Zoback and Gorelick, 2012), a borehole experi-
ment should document stress, fracture, and hydrological con-
ditions through a vertically extensive volume that transects
varying rock types, and the experiment should monitor strain
and flow responses to imposed perturbations (Table 1, cate-
gories 1–4). That information can be a foundation for better
understanding natural intraplate earthquakes across a range
of scales and induced seismicity. A Cornell scientific bore-
hole project also has the potential to greatly reduce uncer-
tainty on coupled thermal–hydraulic models, to guide reser-
voir stimulation, and to underpin a risk mitigation strategy.
For heat extraction and reservoir stimulation, are there char-
acteristic sets of fracture properties and variable responses
of fractures in varying lithologies, which should influence
a design to establish efficient distributed fluid flow through
fracture permeability? For risk-management design, is the
hypothesis that the risk of inducing felt earthquakes would
decrease if a slightly under-pressured reservoir condition is
created by pumping consistent with the rock-fluid-stress sys-
tem? The workshop focused on how to achieve both scien-
tific and pragmatic goals which share a mechanical–thermal–
hydrological–chemical system.

Analyses of induced earthquakes over the last decade have
illuminated major uncertainties about rock response to stress
and fluid flow near the interface between sedimentary rocks
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and their crystalline basement. Fluid pressure changes can
influence the stress state and failure of rocks through the di-
rect influence of pore pressure and through poroelastic strain
effects. Using a global data set of seismic events around
single injection wells and their spatial and temporal pat-
terns, Goebel and Brodsky (2018) deduced that these seis-
mic events reflect both induced pore-pressure changes and
poroelastic coupling of the rock framework and that the con-
tributions of those two phenomena differ between the cases
of injection into “soft” sedimentary rocks compared to crys-
talline basement rocks. For injection into crystalline base-
ment rocks, the detected fracture slip fits the prediction that
the slip results from stress perturbation across faults close to
failure that are in direct communication with fluid migration.
On the other hand, injection into sedimentary rocks gener-
ated not only seismic events due to that direct pore-pressure
effect, but also a much wider and longer-lasting field of slip-
ping fractures that reflected the poroelastic response of the
stress field within both the sedimentary units and underly-
ing basement. Furthermore, Goebel and Brodsky (2018) at-
tribute the distinction between sedimentary and basement
rock behavior to the bulk elasticity, and they relate the dif-
ferent elasticity to porosity, which is generally higher for
sedimentary than crystalline basement rocks. It is an open
question whether all sedimentary rocks are essentially equal
in this behavior or whether low-permeability rocks like those
of an old, deeply buried sedimentary basin would transmit
stress and fluids differently than more porous strata. Goebel
and Brodsky (2018) consider the permeability differences to
be of second-order importance, although indeed permeabil-
ity influences the spatial extent reached by injected fluid.
Studies such as those conducted by the National Research
Council (2013) emphasize the role of faults and fractures as
avenues for fluid flow, and even mineral-filled fractures of
certain compositions (e.g., clays) are credited with efficient
transmission of pore fluid pressure (Gray, 2017).

The potential that the sedimentary rock–crystalline base-
ment interface region plays a non-linear role in the cou-
pling of stress, fluids, strain and earthquakes led the ICDP-
sponsored workshop participants to prioritize extensive sam-
pling and testing in the deeper sector of the strata and the
upper hundred meters of the basement.

5.3.2 The ubiquitous hidden biosphere

The deep biosphere remains little known, though it is antic-
ipated that it participates in the natural cycles of elements
(Pedersen, 2000). Limits to life may be dictated by high
temperature, nutrient scarcity, high pressure, and/or extreme
salinity, all of which are probable in a Cornell-located bore-
hole. Even if the absolute limit of life has not been crossed in
the rocks near the bottom of the proposed borehole, the en-
ergy available to maintain life will likely be extraordinarily
limited and of uncertain origin, with possibilities inclusive of
the solid organic matter in rock, chemical reactions, seismic

processes and radioactive decay (Lever et al., 2015). To date,
the deepest documented microbes have been found deeper
than 3 km and at temperatures up to about 100 ◦C (Magna-
bosco et al., 2018). Whereas the known temperature range
of life spans −40 to 122 ◦C (Takai et al., 2008), microbiolo-
gists anticipate that basic constituents of life, like RNA and
amino acids, fail at high temperatures (Lever et al., 2015) and
hence expect that temperature will determine one of the lim-
its of life. The proposed borehole will intercept rocks below
2 km depth and will access rock temperatures around 100 ◦C
and possibly higher, with extremely saline brines in the pores
of the sedimentary rocks and unknown pore fluid composi-
tions in the basement rocks. These gradients and properties
create the opportunity to investigate the nature of microbes
across a temperature gradient for which microbial activities
and characteristics are hypothesized to decline and change
(Table 1, category 6). If there is a pore fluid change near the
sedimentary rock to basement contact, there may be major
consequences for the microbial population.

Furthermore, studies to date indicate that deep microbial
life could prove to be sensitive to the mineral substrate in the
compositionally variable subsurface of the proposed bore-
hole region. A review of the literature reveals functional roles
for Fe- and S-bearing minerals and some clays yet also sug-
gests that other clays and the abundant mineral-forming el-
ement aluminum inhibit some microbial species (Röling et
al., 2015). The petrologically diverse sedimentary rocks to
be traversed by the proposed borehole could enable examina-
tion of the microbial populations as functions of mineralogy,
including strong contrasts of the limestone and dolomite in-
tervals to the host minerals in other borehole sites whose mi-
crobiology has been examined, such as oceanic basalts (Salas
et al., 2015) and granite (Swanner and Templeton, 2011).
A central New York borehole also has a good likelihood of
intersecting marble in the basement. Those marbles, whose
pressure and temperature history and perhaps pore fluids dif-
fer markedly from the diagenetic conditions of the carbonates
in the deep sedimentary units, may provide a useful opportu-
nity to investigate contrasts between the microbial commu-
nities of sedimentary and metamorphic carbonate rocks. De-
spite the lack of participation in the workshop by any experts
in deep microbial life, samples from this borehole could be
the foundation for research to develop and test widely appli-
cable hypotheses.

5.3.3 Tectonics and thermal history near a boundary
between major Precambrian tectonic domains

Ithaca, New York, lies near the projected position of a Pro-
terozoic tectonic domain boundary and in the heart of a re-
gion of prolific Mesozoic kimberlite dikes. Either attribute
alone is a worthy point of departure for hypotheses concern-
ing how today’s heat flow evolved from the starting point of
Proterozoic or Juro-Cretaceous tectonic activity.
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A Mesoproterozoic crustal-scale shear zone separates
much different metamorphic domains and passes from ex-
posed (in the Adirondack Mountains) to buried (beneath
the Appalachian Basin) and has been proposed to pass a
short distance west of Ithaca (Fig. 1) or under Ithaca. In
the Adirondacks, the boundary is wider than 20 km, charac-
terized by high finite strain in ductile shear under granulite
conditions (Valentino et al., 2019). The shear zone separates
rocks of distinctive lithologies and ages, with the core of the
Grenville orogenic belt to the north and west, and granitic
composition rocks in the shear zone are geochemically of
a magmatic arc origin. Valentino et al. (2019) interpret the
shear zone to have formed by the collision of plates around
the margins of the Laurentian continental block. If the shear
zone extrapolation through the region near Ithaca were cor-
rect, then granulite metamorphic-grade meta-igneous rocks
(anorthosite–mangerite–charnockite–granite) with scraps of
dismembered metasedimentary rocks may be likely north-
west or west of Ithaca, whereas granulite-grade tonalitic
gneisses and complex metasedimentary rocks may be ex-
pected in Ithaca as well as in the south and east. Borehole
samples would enable investigation of compositions, geo-
chemistry, and geochronology with which to test the hypoth-
esis that a terrane boundary separates Ithaca from the main
Grenville orogenic core.

Kimberlite dikes are so abundant (Kay et al., 1983; Bai-
ley et al., 2017) in north-trending fractures in the Ithaca re-
gion that there is a high probability of encountering one or
more dikes in a 4 km long borehole, especially if it is deviated
from vertical. If so, xenoliths and xenocrysts will provide ev-
idence of the composition of the crustal rock through which
the kimberlite arose, and populations of kimberlite xenoliths
and xenocrysts collected deep in a borehole will be less di-
luted by the column of sedimentary rocks than are kimberlite
samples studied to date. Crustal materials in the kimberlites
may enable a better interpretation of the local gravity and
magnetic anomalies and in turn may provide insight into the
spatial heterogeneity of crustal composition. Many questions
remain about the cause of the abundant kimberlites. Geo-
chemical and thermobarometric studies of kimberlite sam-
ples should provide evidence about the magma source(s),
some 150 km deep in the mantle (Kay et al., 1983). These
early Cretaceous high-velocity intrusions reflect a history of
paleo-strain. Can the variability of locations of kimberlites
and their xenolith compositions illuminate the variability of
strain responses among the various types of basement litholo-
gies?

Shorten and Fitzgerald (2019) demonstrated that a tran-
sition occurred approximately 145 Ma from a long interval
of rapid exhumation and cooling to conditions of slow ex-
humation and cooling. This inflection is approximately co-
eval with kimberlite intrusions in the earliest Cretaceous. An
integrated thermochronological study of a vertical profile of
borehole materials (Table 1, category 5), including kimber-
lites at one or more depth, offers the possibility of exploring

the modern retention of low-temperature features across the
modern-geothermal gradient and the opportunity to examine
the post-emplacement thermal history of kimberlites where
they have not been exposed to near-surface weathering.

5.3.4 Summary of scientific themes

All of these research themes are interconnected. For exam-
ple, fractures and fluid migration are related to the mechani-
cal and lithological heterogeneity that was instituted by both
Precambrian orogenic activity and Phanerozoic structural ad-
justments to near-field and far-field phenomena. Integrated
borehole measurements and experiments will reveal how the
preexisting mechanical and lithological heterogeneity con-
trols and interacts with stress and about the nature of active
processes that link thermal, hydrological, and chemical pro-
cesses to mechanics and to one another. Even the amount
and nature of life in the deep strata and crystalline basement
are likely to be linked to Precambrian–Paleozoic conditions
which produced the substrate in which today’s life exists and
to the thermo–hydro–chemical–mechanical system which is
their modern environment.

6 Conclusions

The ICDP-supported borehole planning workshop held dur-
ing January 2020 in Ithaca, New York, USA, was an efficient
and effective forum through which to advance the strategy
for and design of a scientific borehole in continental crust.
The workshop participants transformed a skeletal idea – an
opportunity to utilize a proposed geothermal demonstration
borehole for scientific research – into a much better devel-
oped scientific vision and the beginning of a pragmatic scien-
tific and engineering plan. The diverse experiences and deep
expertise of the workshop participants included specializa-
tions ranging from regional geology to experimental rock
mechanics to geothermal borehole engineering to fracture
stimulation to hydrogeology to earthquake seismology, and
beyond. Collectively, this group honed a plan suitable to the
northern Appalachian Basin which will illuminate how the
pre-existing mechanical and lithological heterogeneity con-
trols and interacts with stress. The discussions led to a con-
viction that the planned geothermal demonstration project
can better encourage wide deployment of low-temperature
geothermal energy technology, one of Cornell’s goals, by uti-
lizing scientific borehole studies to deepen understanding of
rock behavior in the deep subsurface before and during well-
field operations.

The borehole science plan that evolved (Table 1) will be
costly. Ultimately, as the Cornell University drilling plan un-
folds in the next few years, its features will be constrained
by the details of costs, by the funds available from sources
such as scientific consortia, government agencies and donors,
and by initial results. A proposal to the U.S. Department of
Energy that was submitted after the workshop was selected
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to be funded, hence Hole 1A is now in the planning phase
with a drilling target of 2021. Beyond Cornell’s research and
geothermal demonstration plans, there will be lasting value
if the essence of the integrated plan to advance understand-
ing of thermal–hydrological–mechanical–chemical behavior
of old continental crust is used by other groups at different
locations.
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