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Diagenesis is key to unlocking
outcrop fracture data suitable for
quantitative extrapolation to
geothermal targets
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Exceptionally large, well-exposed sandstone outcrops in New York provide
insights into folds, deformation bands, and fractures that could influence
permeability, heat exchange, and stimulation outcomes of geothermal
reservoir targets. Cambrian Potsdam Sandstone with <5% porosity contains
decimeter-scale open, angular-limbed monoclines <0.5km apart with
associated low-porosity mm-wide cataclastic deformation bands. Crossing
and abutting relationships among sub-vertical opening-mode fractures show
four chronological Sets A-D, striking NNW, NE, NW, and ENE, respectively.
Fracture lengths and heights range from millimeters to tens of meters. Sets A
and C macro-fractures, and possibly B and D, contain quartz deposits. All sets
have abundant associated quartz cemented microfractures that also record set
orientations and crosscutting relations. Quartz cement deposits—evidence of
diagenesis—are the key to identifying attributes of outcrop fractures suitable
for extrapolation to geothermal targets in sandstones because they show
which fractures formed in the subsurface. Set A fluid inclusion homogenization
temperatures (120°C-129°C) are compatible with fracture at >3 km depth.
Fractures are stiff and those >0.05 mm (Set C) and >0.1 mm (Set A) are open and
potentially conducive to flow. Sets A and D are abundant in outcrops with close
fracture spacing—0.18 m and 0.68 m, respectively—and define a rectangular
connectivity network dominated by crossing and abutting X and Y nodes. Set
A aperture distributions follow a power law with slope —0.8 up to 0.15 mm;
other sets have lognormal distributions. Set A and D microfractures are weakly
clustered, while macro-fractures commonly have 1D anticlustered (regular
or periodic) arrangements at shorter length scales (<0.2 m). Sub-horizontal
fractures are barren and may have formed near the surface. Fracture heights,
lengths, and spatial arrangements show good trace connectivity but low open
connectivity. For geothermal applications, outcrop results predict low initial
well-test permeabilities owing to quartz disconnecting open fractures, but
stimulation of closely spaced microfractures and partly open macro-fractures
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could yield high surface area for heat exchange. Quantitative extrapolation of
key fracture attributes like abundance, orientation, spatial arrangement, length,
and open fracture connectivity is possible from outcrops to fractured reservoirs
if differing thermal histories and diagenesis are accounted for.
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analog, diagenesis, connectivity, fracture, geothermal, network, permeability, scaling

1 Introduction

To produce hot water or create an efficient circulation system,
low-enthalpy geothermal reservoirs need effective heat exchange
within the host rock and sustained high flow rates with no
fast-paths for water breakthrough (Watanabe and Takahashi,
1995; Anderson and Rezaie, 2019; GeoVision, 2019). Geothermal
appraisals can effectively account for ambient temperature (Muffler
and Cataldi, 1978; Barbier, 2002; Ghassemi, 2012; Gee et al.,
2021) and, in sandstone, host-rock porosity and permeability
(Lander et al, 2008; Taylor et al, 2022). However, optimal
stimulation of enhanced geothermal (EGS) reservoirs may depend
on the size, openness, stiffness, strength, abundance, surface area,
arrangement, and connectivity of naturally occurring fractures that
are hard to sample or accurately predict.

Finite wellbore size and orientation impose limits on what
subsurface fracture attributes can be sampled effectively (Garg et al.,
2007; Laubach et al, 2019; Boersma et al, 2021). Consequently,
assessment based on subsurface observations may be supplemented
by inspection of exposed rocks that are judged to be appropriate
analogs for the subsurface target (Agosta et al., 2010; Sanderson, 2016;
Ukar et al., 2019). A range of factors go into selecting a good analog
for a subsurface geothermal target, including matching rock types
and—broadly—structural history (Baueretal.,2017; Busch etal.,2022)
(Table 1). Some studies have questioned the viability of using outcrops
for making specific predictions about key subsurface parameters like
fracture abundance or connectivity (Peacock et al., 2022), but as we
show here, this is a pessimistic view.

Fractured sandstones are geothermal targets worldwide (Vidal
and Genter, 2018). In New York (Jordan et al., 2020; Fulcher et al.,
2023) and elsewhere in North America (Somma et al., 2021;
Chong et al., 2022; Tai and Gates, 2024), lower Paleozoic sandstones
are targets for geothermal development, yet the attributes of
fractures in these rocks are poorly known. For geothermal prospects
in New York the potential importance of fracture-augmented
permeability has long been recognized (Pferd, 1981; Plumb and
Hickman, 1985), and evidence of fractures has been found in
subsurface cores and image log data (Lynch and Castor, 1983;
Hickman et al., 1985; Fulcher et al., 2023).

Outcrops provide information relevant to geothermal targets in
the eastern United States including fracture types, strike directions,
abundance, size, arrangement, porosity, diagenesis (mineral deposits),
strength, and susceptibility to closure (stiffness). Using large,
exceptionally well exposed outcrops of Cambrian Potsdam Sandstone
in northeastern New York (Figures 1, 2)—a regional geothermal
target—we describe structural assemblages and fracture patterns and
present diagenetic evidence that most fractures formed at least 3 km
deep, within the current depth range for geothermal prospects in this
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unit. Regional fracture orientations and relative timing are inferred,
and we show that for rocks containing microfracture populations,
kinematic aperture-size statistics can accurately predict spacing of
larger open fractures. We show that even centimeter-scale samples
(of the dimension of sidewall cores) may provide site-specific fracture
information if thermal history and associated diagenesis is accounted
for between the target and outcrop. Quartz cement is key to the strength
and capacity of these fractures to conduct fluid flow, and the degree
of quartz fill—and the size of open fractures in terms of aperture and
length—will depend on thermal exposure in predictable ways (Lander
and Laubach, 2015). With host rock diagenesis and microstructural
information from outcrop analogs and subsurface targets, quantitative
comparison of fracture surface area and likely flow pathways is feasible.
Our study also provides insights into the general issue of how to
use outcrops to characterize subsurface prospects under the inherent
limitations of fracture sampling.

2 Methods

See Supplementary Data Sheet 1 for more information
on Methods.

2.1 Microstructural image acquisition

We document rock and fracture deposit mineralogy and textures
using transmitted light microscopy, SEM cathodoluminescence
imaging (SEM-CL), and variable pressure secondary electron
imaging (VPSE) that reveals textures and quartz luminescence
intensities and colors reflecting trace elements and mineral lattice
defects (Gotze et al., 2001; Stokes, 2008). We point counted
correlative image stacks (SEM-CL and EDS) in JMicrovision®

for compositional analysis. Strip-shaped multi-thin section
image mosaics were collected using SEM-CL images to record
microfracture populations.

Fluid inclusion assemblage microthermometry was performed
using a microscope-mounted gas-flow heating-freezing stage. Two-
phase aqueous fluid inclusion assemblages at room temperature
were heated to homogenization (Th) to single-phase liquids
(Goldstein and Reynolds, 1994; Fall and Bodnar, 2018) and

minimum trapping temperatures (Tt) were inferred.

2.2 Rock mechanical properties
In situ rock mechanical properties were tested using

an N-type Silver Schmidt Hammer that allows rapid non-
destructive measurement of rebound of a spring-loaded mass
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TABLE 1 Attributes of a suitable outcrop analog for subsurface geothermal targets.

Geothermal target factor

Subsurface data potential

Good outcrop analogs
have?

10.3389/feart.2025.1545052

Potsdam flatrocks
outcrops make good
analogs

Rock Attributes & Structures (Fold,

High potential for composition and

Matching or similar composition and

Outcrops are large (up to 0.2 km?) with

analysis (e.g., Zircon U-Pb or FT
dating)

Faults) diagenetic history. Moderate potential diagenesis. Large exposures (well-well similar compositions and diagenetic
for geomechanical properties (core) and | distances). Ample rock for history as sidewall cores. Outcrop
large-scale structural data (well logs) geomechanical testing. Information on Schmidt Hammer tests give high
local and regional structures from aerial | compressive strength of host rock.
imagery and outcrops Outcrops + Regional DTM show widely
separated NE trending folds and
associated cataclastic deformation
bands
Structural History Potential for limited thermal indicator Broadly similar histories because Structural history moderately

capacity for fracture-augmented heat
exchange/fluid flow can vary markedly
owing to cements reflecting differences
in burial/thermal histories

constrained in the region. Thermal
indicator evidence from literature
implies max temperature of 190°C &
max burial of ~6.5 km at c. 300 Ma,
with rocks below 80°C by 110 Ma

Host Rock Porosity & Permeability

High potential but limited-to-no spatial
variability from vertical core

Matching or similar physical properties
related to fluid flow

Across outcrops total porosity <5%, like
sidewall core measured porosity, with
low permeabilities (0.001-0.0065 mD).
Fracture network necessary for flow

Fracture Timing (near surface or at
depth)

High potential for sampling
microfractures

Low potential for sampling
macro-fractures

Micro- & macro-fractures in matching
or similar orientations with diagenetic
cement fills as evidence of subsurface
formation

Contain multiples sets of sub-vertical
quartz filled micro- & macro-fractures
in similar orientations as subsurface.
EIA.s show fracture cement
precipitated between 120°C-129°C at
~3 km depth & are probably
post-Paleozoic exhumation features

Fracture Attributes

No potential for fracture lengths (core)
Low potential for fracture abundance,
sizes, spatial arrangements, stiffness,
connectivity

Moderate to high potential for
microfracture orientations

Matching or similar fracture types,
orientations, abundance, sizes, spatial
arrangements, diagenetic history
(mineral deposits vs porosity), strength,
susceptibility to closure (stiffness)

Regional fracture orientations &
relative timing relations. Kinematic
aperture-size statistics predict spacing
of macro-fractures. Fractures are stiff &
those >0.05 mm are open and
potentially conducive to flow. Fracture
heights, lengths & spatial arrangements
show good trace connectivity but low
open connectivity. Close spacing could
yield high stimulated surface area for
heat exchange. Outcrop data used with
diagenesis forward models can predict
abundance & open fracture
connectivity in subsurface if thermal
history of target can be inferred

“Capacity for heat exchange and high natural flow rates—and optimal stimulation (enhanced geothermal, EGS)—may depend on the size, openness, stiffness, strength, abundance, surface area,

arrangement, and connectivity of naturally occurring fractures that are hard to sample or accurately predict from core.

impacting against the outcrop surface (Aydin and Basu,
2005). Measurements were taken at 10 localities including
deformation bands, sandstone adjacent to bands, and sandstone
far from bands with qualitatively different fracture patterns.

10-16 tests were conducted within the same bedding horizon

per locality.

Frontiers in Earth Science

2.3 1D and 2D size and spatial arrangement

and connectivity

We describe fractures based on maps and on scanlines

oriented at high angle to fracture strike for each set, measuring

true inter-fracture distances and kinematic apertures. We used
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FIGURE 1
Regional context of Cambrian Potsdam Group sandstone outcrops

(1-4) within Flat Rock State Forest and Miner Institute Preserve, (5)
Ausable Chasm, (6) High Falls (44°54'34.88"N; 74° 5'14.16" W), (7)
Hammond pavement (44°23'14.00"”N; 75°44'42.00"W). Well locations
are (CH) Earth Source Heat Well No. 1, Cornell University Borehole
Observatory near Ithaca, and (AW) Auburn well. Structural references
are the Clarendon-Linden Fault Zone (CLF) and the center of
Adirondack dome (ADK). Contour D is the northern limit of Devonian
strata. Location C represents coalified plant debris in upper Devonian
strata interpreted as buried to 6.5 km (Friedman and Sanders, 1982).
Solid blue contours are conodont alteration index (CAl) isograds for
Silurian to Middle Devonian rocks (Harris et al., 1978; Weary et al.,
2000; Repetski et al.,, 2014) - dashed blue lines are speculative
projections of isograds across the ADK. Gray Squares are Zircon U-Pb
and FT analysis of Potsdam (M-07, M-19) and Galway (M-09)
Formations indicating no sustained temperatures >200°C since
deposition (Montario and Garver, 2009). State borders are dashed
white lines.

continuous bed-parallel multi-thin section microscanlines from
oriented samples (Gomez and Laubach, 2006) for microstructural
analysis. We characterized 1D spatial arrangement with coeflicient
of variation (Cv) (Gillespie et al., 2001; Hooker et al., 2023b)
and open-access CorrCount software for normalized correlation
count (NCC) metrics (Marrett et al., 2018) validating results with
a statistical envelope obtained from randomizations.

Two-dimensional fracture distribution data was acquired from
a texture-shaded 1-m LiDAR bare earth digital terrane model
(DTM) (pers. comm., R. W. Allmendinger 2022; Allmendinger
and Karabinos, 2023), from a camera-equipped drone flown at
20 or 30 m elevation covering areas of as much as 0.2 km?, from
iPhone 12 Pro 1-2m elevation LiDAR (Scaniverse, Polycam,
and 3dScanner software) covering 40-1,000 m?, and from
high-resolution SEM-CL and VPSE photomontages covering
as much as 3,800 mm?.

Trace lengths, intersections, and terminations were mapped at
different scales and trace patterns were analyzed with FracPaQ2D
(Healyetal., 2017) and ArcGIS. For length and network connectivity
analysis, terminations were classified as isolated (I), connected (Y
and X) (e.g., Sanderson and Nixon, 2015), or scale-dependent rule-
based contingent (C) nodes (Forstner and Laubach, 2022) that
identify diagenesis-sensitive connections and continuity.
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3 Geologic setting
3.1 Regional setting

In New York, the mid to upper Cambrian Potsdam Group
comprises alluvial, fluvial, locally eolian, and shallow marine
siliciclastic onlap deposits that unconformably overlie Precambrian
crystalline rocks (Wiesnet, 1961; Landing et al, 2009; 2024;
Lowe et al,, 2015). The Potsdam Group conformably transitions
upward into the mixed sandstone-dolostone facies of the Cambrian
Galway Formation (Fisher, 1968; Hersi et al,, 2021) which are
overlain by Cambrian to Lower Ordovician siliciclastic and
carbonate rocks (Otvos, 1966; Hersi et al., 2021).

The Potsdam Group is thickest to the north, e.g., 750 m
thick in southern Canada (Landing et al, 2009), thinning to
c. 160m near Plattsburgh, NY (Hagadorn and Belt, 2008)
(Figure 1), and continues thinning west- and southwards
toward the southern Lake Champlain Valley (Selleck, 1997).
The studied Potsdam Group outcrops in northeastern New
York’s Flat Rocks State Forest (Figure 1) consist of two
main lithostratigraphic units: the Ausable Formation and the
unconformably overlying Keeseville Formation (Fisher, 1968;
Landing et al, 2009; Lowe et al, 2015). Compositionally,
the Potsdam in this area grades upward from feldspathic
and argillaceous deposits to a homogeneous, well-indurated
quartz arenite (Landing et al., 2007).

Structurally, Potsdam sandstone in northeastern New York
experienced Paleozoic shallow burial in platform to passive margin
settings (e.g., Landing et al., 2009; 2024; Hersi et al., 2021) followed
by three pulses of subsidence and sedimentation in foreland settings
associated with the Taconic (~450 Ma), Acadian (~360 Ma), and
Alleghanian (~300 Ma) Orogenies (e.g., Robinson et al, 1998;
Montario and Garver, 2009) (Figure 1). Our study area c. 20 km
west of the foreland thrust front likely experienced Paleozoic
deformation (Bradley and Kidd, 1991) and local intrusion by
hydrothermal fluids (Smith, 2006).

The uplift history lacks strong constraints. Friedman and
Sanders, 1982 interpreted coalified plant debris in Upper Devonian
strata as buried to 6.5 km with a maximum temperature of 190°C.
This depth is compatible with burial beneath about 6.4 km of
Carboniferous strata that may have extended over the region
(Wood et al., 1969), as well as possible burial by Paleozoic thrust
sheets (Friedman and Sanders, 1982). Zircon U-Pb and FT analysis
of Potsdam and Galway Formation samples indicate no reset
of fission track ages, i.e., no widespread sustained temperatures
>200°C since deposition (Montario and Garver, 2009). Conodont
alteration index (CAI) isograds of Silurian to Middle Devonian
rocks (Harris et al., 1978; Repetski et al., 2014) extrapolated across
the Adirondack Dome (Figure 1) suggest high paleotemperatures
associated with either deep burial beneath now eroded overburden
or an elevated geothermal flux associated with Cretaceous-age
ultramafic intrusions in central and eastern New York (Weary et al.,
2000). Based on thermal modeling, the Alleghanian orogeny may
have caused slow uplift followed by gradual Mesozoic exhumation
(Heizler and Harrison, 1998). Taylor and Fitzgerald (2011) infer
stable tectonic and thermal conditions in the Middle Jurassic
followed by regional heating, an elevated geothermal gradient ca.
130-120 Ma, and rapid cooling c. 105-95 Ma. Using a geothermal
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FIGURE 2

relations of Set D against Set A (blue circles).

Flat Rocks area outcrops near Altona, NY. (A) Google Earth image: 1, Route 16 (Rt16); 2, Brunell Road (BR); 3, Rock Road (RR); 4, Cold Brook Lake (CBL).
Well field of Hawkins et al. (2017) is near CBL. White dashed line marks well-exposed areas (grey tones, pavement exposure). Inset: location map, New
York. (B) Flat Rocks structures on regional texture shaded 1 m LiDAR DTM (pers. comm., R. W. Allmendinger 2022). White box (Br-f) is BR fold

locality in Figure 5. Red lines, fracture traces; green lines, monocline axial traces. White dashed line marks well-exposed area from A. Blue shading
indicates obscuring Quaternary cover. Inset: Rose diagram of length-weighted fracture frequencies from DTM; dominant trend NNW. (C) 30-m
elevation drone image of Rt16 outcrop (5,534 m?). (D) Color-modified boxed area in C highlighting opening-mode fracture Sets A and D. Note abutting

gradient of ~20 °C/km, and with exhumation of ~25 m/m.y. from c.
160 to 115 Ma, Potsdam rocks may have been at temperatures less
than 80°C by 110 Ma.

Faults with diverse movements and timing are documented
in central New York (Jacobi et al., 2021). Eastern New York and
Vermont contain north, northeast, and east-striking lineaments
(Isachsen, 1975; Isachsen and McKendree, 1977; Valentino et al,,
2016) and faults (e.g., Engelder and Sbar, 1976; Stanley, 1980;
Pferd, 1981; Bradley and Kidd, 1991; Hayman and Kidd, 2002).
Some faults reflect Carboniferous to Jurassic extension related to
rifting (e.g., Manspeizer, 1988; Heaman et al., 2003). Other regional
features include post-rift uplift related to erosional unloading
(Anders et al, 2022) and doming of the Adirondacks (partly
ongoing) (Isachsen, 1974; Amidon et al., 2022). The modern reverse
fault (compressional) stress state features maximum horizontal
principal stress (Sy,,.,) trending ENE (Snee and Zoback, 2022).
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Potsdam sandstone has been the focus of mechanical property
research (e.g., Engelder and Sbar, 1977; Copuroglu, 2010), is widely
used as a building stone (Lawrence, 2001), and is a regional aquifer
(Nastev et al., 2008). Regionally flow pathways based on well tests are
along bed-parallel fractures with subsidiary flow on some vertical
joints (Williams et al., 2010a; b; Hawkins et al., 2017).

3.2 Outcrop attributes

Our fracture measurements are primarily from the Flat Rocks
outcrops southeast of Altona, NY (Figures 1, 2), which have
been interpreted as either Ausable (Williams et al., 2010a) or
Lower Keeseville Formation (Sanford and Arnott, 2010) of the
Potsdam Group. We follow Sanford and Arnott and interpret
the exposures as lower Keeseville.

frontiersin.org
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The Flat Rocks area generally has low relief and thin cover.
Exposures of 5,500 m? to 0.2km? (Figure2) are the result of
Pleistocene glacial scour along bed surfaces and subsequent erosion
by flooding from failure of late glacial ice dams (Rayburn et al,
2005; Rayburn et al., 2007). Although nearly vegetation-free bed-
parallel outcrops as large as 32 km? are present, many surfaces are
obscured by lichen and surface biofilms, so we restricted high-
resolution fracture analysis to pristine bed surfaces of tens to
~5,000 m* (Figure 2C) within an approximately 19 km? area of
generally good exposure. Serial Google Earth images show year-
to-year variation in surface cover suggesting local lack of biofilms
may be in part anthropogenic (vehicle use). Cold Brook Lake
(CBL) and Rock Road (RR) mainly have narrow (c. 2 m) exposure
strips along unimproved roads, whereas Brunell Road (BR) and
Route 16 (Rt16) outcrops are large and equant. BR is ~187,329 m?
(0.19 km?) and Rt16 ~5,534 m?. BR is subdivided by covered areas
and, owing to differential weathering, the stratigraphic level of
exposed rocks shifts gradually, so only smaller areas are both fully
exposed and demonstrably within the same horizon. In contrast,
Rt16 is continuously exposed mostly within the same horizon.
Although it probably exposes slightly higher parts of the section,
the c. 3,000 m long, 45 m deep ravine at Ausable Chasm, about
35 km south of Altona (Figure 1), provides cross-sectional views of
Potsdam sandstone (Keeseville) fracture height patterns. We also
inspected and sampled other Potsdam outcrops around the margin
of the Adirondacks (Figure 1).

4 Results

See Supplementary Data Sheet 1 for more information
on Results.

4.1 Sandstone properties

Outcrops are gray to tan, parallel-to cross-laminated subarkosic
arenites with little-to-no bioturbation (classification of McBride,
1963). Sandstone samples are medium to fine, with moderately-
to well-sorted and rounded grains. Quartz is the most abundant
grain type (avg. 65% of total volume; avg. 87% of detrital volume)
(Figure 3; Table 2). Most quartz grains are monocrystalline with
straight or slightly undulose extinction. Polycrystalline quartz is
negligible and rare metaquartzite grains were counted within
total quartz grain volume. Detrital potassium-feldspar comprises
8%-10% of total rock volume (12% of detrital volume). Labile lithic
fragments were not observed. Minor accessory minerals, mostly
iron-oxides, titanium-oxides, zircon, and apatite, comprise ~0.5% of
whole rock volume (Table 2).

Potsdam sandstone here and elsewhere is strongly indurated
by quartz and feldspar cements (e.g., Selleck, 1997). Quartz
is the most abundant cement averaging 12.6% of total rock
volume (60% of authigenic volume). Based on morphology, overlap
relations, and CL response, quartz cement is subdivided into
older Qcl and younger Qc2 textural zones (Figure4). Older
Qcl luminesces orange-red and comprises subhedral microcrystals
(0.0007-0.006 mm; avg. 0.0027 mm) forming detrital grain rims
0.002-0.01 mm thick (locally up to 0.04 mm). Qcl contains
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nano- and microporosity (primary or secondary) and is about
a third of total quartz cement. Younger Qc2 comprises large
syntaxial, mostly blue-luminescing crystals (0.0085-0.139 mm; avg.
0.0347 mm) with facets facing primary pores. Qc2 locally has growth
zones marking progressive quartz accumulation, distinguished by
SEM-CL contrasts (Figures 3D, 4), and commonly fully occludes
primary pores.

Potassium-feldspar cement is the second most abundant
authigenic mineral (avg 4.8% of total rock volume; 23% of
authigenic volume) and forms sub-to euhedral overgrowths
on K-feldspar grains. Detrital K-feldspar grains contain rare
secondary macropores >0.03 mm (intragranular dissolution voids);
K-feldspar cement commonly contains sporadic secondary nano-
and microporosity. Overlap relations in beds show localized post-
cementation alteration of K-feldspar cement to kaolinite (1%-2%).
Other cements include clay minerals (illite, ~2.5%) and late iron
oxide deposits (<0.2%).

Porosity, documented in one sample each from Rt16 and BR
by SEM-based point count inspection, is uniformly low. Average
primary porosity is <1%. Excluding fracture porosity, additional
porosity (2.3%-4.4%) comprises both nano- and microporosity
localized within K-feldspar cement, clays, and Qcl, as well as
secondary dissolution macroporosity within detrital K-feldspar
grains (Table 2). Nano to micropores avg. 0.0028 mm in diameter
but range from the minimum resolution of SEM-CL (a few hundred
nm/pixel) up to 0.016 mm. Rare secondary macropores average
0.0305 mm diameter. Total point count porosity is 4.82% for BR
and 3.49% for Rtl6. Helium porosity laboratory measurements
found total porosities of 1.99% (BR) and 4.97% (Rt 16), and low
Klinkenberg permeabilities of 0.001 mD (BR) and 0.0065 mD
(Rt16). Lab measurements are comparable to point count values
but record higher porosity at Rt16 by ~1.5% and lower porosity
at BR by ~2.8%, reflecting differences in prevalence of micro- and
secondary porosity. Regardless of method or outcrop, total porosity
measurements for Potsdam sandstone in this area are <5% (Table 2).

Current Intergranular Volume (IGV) in our Rtl6 and BR
samples averages 22.1% (Table 2). Assuming an initial IGV of 40%
(Paxton et al., 2002), average compactional porosity loss (COPL) is
23.0%, average cementational porosity loss (CEPL) is 16.4%, and

the index of compaction (I is 0.58 indicating compaction is

)
com;
the predominant contributor 50 porosity loss (Lundegard, 1992;
Makowitz and Milliken, 2003). Because the Potsdam sandstone
in our outcrops is a clean (minor feldspar, no lithics), uniform,
rigid and densely packed rock (Figure 3), pressure solution must
have played a role along with mechanical grain rearrangement for
the Potsdam to have reached 22% IGV (Lundegard, 1992). Low
IGV values are compatible with cement accumulation in primary
pores postdating most compaction, but quartz-filled fractures
and stylolitic, interdigitated grain contacts mark compaction
(and lateral, tectonic shortening) broadly contemporaneous with
some cement deposits. Mutually penetrating/overlapping quartz
and feldspar cement is compatible with coeval precipitation
in Potsdam sandstone as noted elsewhere (Kastner and Siever,
1979). See Supplementary Data for analysis of IGV and solutional
porosity loss.

Most outcrops are massive to cross-bedded, and although IGV
tends to be nearly filled with cements, grain size, composition, and
diagenetic alteration vary slightly with stratigraphic position. For
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FIGURE 3

Potsdam sandstone host rock. (A) Rt16 hand sample cut orthogonal to finely laminated beds with mottled iron-oxide stain. Box, area shown in B-D.
Inset: QFL ternary diagram; Rt16 and BR are subarkosic arenites. (B) SEM-EDS image of boxed area in (A). Image modified to highlight bed-to-bed
porosity variation (©0—blue). Dashed white lines, bed interface. Quartz, red; K-Feldspar, yellow; Clay minerals, green; Zircon, teal; Ti-oxide, purple.
Middle more quartz-rich layer has less porosity. (C) SEM-CL-EDS composite image, box c in B. Q, quartz grain; Fp, K-feldspar grain, Qc, quartz cement;
Fpc, K-feldspar cement; |, illite; Z, zircon; P, porosity; F, subvertical quartz-filled transgranular microfracture. Arrows, eu- to subhedral coeval
interpenetrating quartz and K-feldspar cements. (D) SEM-CL-EDS composite image, box d in B. Primary intergranular volume filled with quartz (Qc),
some with growth zoning, z. F, subvertical quartz-filled transgranular microfracture.

example, finely laminated beds containing more detrital K-feldspar,
feldspar cement, and clay alteration result in less quartz cement and
higher primary porosity (avg. 3.9%; locally up to 4.5%) (Figure 3).
Random oversized pores are probably due to grain plucking during
sample preparation.

Schmidt Hammer tests show Potsdam sandstone is a strong,
brittle rock with high compressive strength (mean 65.5 MPa, range
44-80.5 MPa, n = 81) (Supplementary Figure S1, L1). We measured
seven areas (~5m? each) distant from deformation bands and
adjacent rock representing four localized, qualitatively different
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fracture patterns to test if differences correspond to mechanical
property variation. Rock with an orthogonal fracture pattern
(Supplementary Figure SI, L2-3) has the highest strength (mean
72.3 MPa), while rock with fracture clusters (mean 56.5 MPa)
has the lowest strength (Supplementary Figure S1, L4-5). Rock
with sparse fractures separated by >2 m distances (Supplementary
Figure S1, L6-7; mean 65.0 MPa) is like areas with Fe-stained
fracture clusters (mean 65.3 MPa) (Supplementary Figure SI,
L8). Differential weathering marks slight variations with bed
composition, grain size, and locally resistant deformation bands,

frontiersin.org


https://doi.org/10.3389/feart.2025.1545052
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Elliott et al.

TABLE 2 Point count and rock property measurements.

10.3389/feart.2025.1545052

Sample SEM point count data (volume %)? IGV (%) He @

= (%)/k
Outcrop Acc QcC ‘ Fps Il ‘Kaol (4[]

HostRock | 6575 | 831 | 0.00 @ 0.26 016 | 1371 | 561 | 159 | 111 122 | 228 349 23.40 4.97/0.0065

~Rtl6

HostRock | 6431 = 10.08 | 0.00 & 043 000 | 1147 397 | 289 | 204 | 043 439 482 20.79 1.987/0.001 65.5
-BR

HostRock | 65.03 = 9.9 | 000 & 035 008 | 1259 479 | 224 | 157 | 082 334 416 22.10

—Average

DB 5626 | 10.81 | 0.00 073 547 | 1191 194 | 522 | 036 @ 377 352 729

Damage

Zone - BR

DB 4920 | 243 | 000 = 0.65 777 | 3568 041 | 136 | 000 | 202 047 249

Cataclastic

Zone - BR

Deformation | 5273 | 6.62 | 0.00 = 0.69 662 | 2380 118 | 329 | 018 289 200 489 76.5
Band -

Average

“SEM-based point count categories: DQ, Detrital Quartz; DE, Detrital Feldspar; Ca, Calcite; Acc, Accessory Minerals (Zircon, TiO, Apatite); FeO, Iron Oxide Cement; QC, Quartz Cement; Fps,
Feldspar Cement; Ill, Illite Clays; Kaol, Kaolinite; Pp, Primary Porosity; Pa, Additional Porosity; Pt, Total Porosity; IGV, Current Intergranular Volume; He ®, Helium porosimeter measured
porosity; K, Nitrogen gas steady-state permeameter measured Klinkenberg permeability; CS, Schmidt Hammer compressive strength.

FIGURE 4
Color SEM-CL showing textures and colors of primary pore-filling

quartz cements. (A) Older red-orange Qcl and younger blue Qc2,
Rt16. Q, quartz grain; F, quartz-filled transgranular microfracture; z,
zoning; clays, black; porosity, green. (B) Older red-orange Qcl and
younger blue Qc2, BR. Fp, K-Feldspar grain.; Fpc, K-feldspar cement;
Porosity, green.

but there is little evidence for mechanical variations in terms of
differential weathering.

4.2 Monoclines and cataclastic bands

Potsdam outcrops near Altona are nearly flat lying, with dips of
1°-9° to the NW, N, and NE (Figures 2B, 5A). Most outcrops are
distant from mapped folds or faults, but open monoclines having
angular hinges and straight limbs are locally present. Between RR
and BR, regional texture-shaded 1 m LiDAR DTM reveals bed
dips that locally exceed 3°-4° (pers. comm., R. W. Allmendinger
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2022) marking NE-striking, NW-vergent narrow monoclinal steep
limbs up to 100 m wide. Their sparsity on regional DTM (Figure 5),
their absence at Rt16, much of RR, and CBL exposures, and their
circumscribed occurrence within the BR area show that folds are
widely separated (~200-500 m). Correlation of dip patterns on
regional DTM suggests fold traces persist for as much as 2.5 km.

At BR a well-defined N35E-trending, NW-vergent monocline
with kink geometry has a steep axial surface separating gently
dipping beds (3°-4°) to the SEfrom several panels to the
NW representing the steepest dips in the region (locally
up to 20°) (Figure 5B). The width of the tilted zone is about 100 m.
Another area of steep dip crosses RR, but exposures record contrasts
in bed dip rather than fracture attributes.

The BR outcrops preserve fracture attributes within the
steep monocline limb and in adjacent rocks with regional dips.
Topographically positive (resistant) tabular deformation bands
in parallel arrays with mildly anastomosing traces of as much
as several meters (censored by outcrop width) are associated
with the BR monocline. Bands are primarily found within kink-
fold steep limbs, localized within tilted rocks and the hinge
(Figures 5, 6). We found only one instance of bands in unkinked
rock, and this exposure is along trend from another kink fold
seen on DTM.

Bands dip steeply (avg 71°) and are lighter colored than
surrounding sandstone (Figures 5C, 6). Bands are oriented mostly
NE to ENE within the monocline limbs, with a few striking NNE,
NS, and NNW (Figure 6A). Strike dispersion decreases near the
hinge with NE to ENE-striking bands only (Figure 6B). Most bands
are a few mm to ~1 cm wide, but the largest band observed near
the fold hinge was 100 mm wide (Figure 6; Supplementary Figure
S1). Adjacent rock is locally Fe-stained in asymmetric patterns with
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FIGURE 5

Monoclines near Altona. (A) Texture shaded 1 m LiDAR DTM subarea, BR (Br-f in Figure 2B for context). Note visible bed dips. Red lines, fracture traces;
yellow lines, axial surface traces trending NE. Blue T symbols: three-point calculated bed strikes and dips (pers. comm., R. W.

Allmendinger 2022; Allmendinger and Karabinos, 2023). Access road is dark sinuous line. Dashed box, fold with deformation bands. (B) iPhone 3D
LiDAR image, BR northeast-trending open, angular limbed monocline (yellow line through dashed box in a). LIDAR image view ~ SE. (C)
Rotated-to-North plan view iPhone 3D LiDAR image of hinge (dashed area in B) showing fracture Sets A and D, deformation band (Db) traces, and
subtle shifts in exposed bedding plane horizons (BP) due to differential weathering. Yellow circle, Set A fractures crosscut older deformation bands.

more stain on one side of bands than the other (Figure 6A). Bands
are crosscut, and thus predate, all later fracture sets (Figure 6B).

NCC analysis of a 96 m 1D scanline drawn normal to the
hinge shows prominent spatial clusters located within the limbs,
and high intensity values near the hinge where the widest band
is located (Figure 6D). The NCC spatial pattern consists of high
numbers of closely spaced bands at sub-meter scale, with a principal
cluster width of 1.4 m and a weak signal indicating ~15 m cluster
spacing (Figure 6E). A randomized spatial bootstrap approach used
measured values in exposed areas to generate band locations in
covered areas (Figure 6C; Shakiba et al., 2022). We found no visible
offset across bands at both outcrop and microscale (Figures 6, 7).

The greatest contrast in our Schmidt Hammer results is between
deformation bands and adjacent host rock (Supplementary Figure
S1, L9-11). Resistant deformation bands have markedly higher
compressive strength values (mean 76.5 MPa, range 72.5-82 MPa,
n = 10) than most rocks we tested (Supplementary Figure S1).
In contrast, compressive strength values of sandstone directly
adjacent to bands are the lowest measured (mean 49.5 MPa, range
39-61.5 MPa, n = 22).
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SEM-CL imaging reveals bands comprise multiple millimetric
zones of alternating highly comminuted cataclasis and damage
(mostly intact and fractured or sutured grains), with gradual
transition into undamaged host rock at band edges (Figure 7).
Overall, grains within bands range from intact survivor grains (<1%
by area), grains with one or a few fractures, to fragments with a
wide range of mostly small sizes (>75%). Within cataclastic zones,
degree of comminution varies both gradually and abruptly, and
includes narrow foliated zones (0.038-0.218 mm) where particles
are reduced from well-rounded c. 0.1-0.2 mm to very angular or
tabular fragments averaging 0.003 mm, with ~20% of measured
particles <0.001 mm in diameter. Bands are mostly quartz and
detrital K-Feldspar (K-feldspar concentrated in damage zones), with
increased amounts of clays and accessory minerals versus the host
rock away from bands (Figure 7D).

Interparticle porosity is present: 2.5% in cataclastic zones,
7.3% in damage zones (avg. 4.9% for entire band). In cataclastic
zones microporosity is within foliations c. 0.2 mm wide where
clay minerals are concentrated. Using CL colors to track strain by
identifying particles belonging to single original grains (Figure 7E)
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Deformation bands at BR and spatial analysis using CorrCount (Marrett et al.,, 2018). (A) Oblique view 3D LiDAR of deformation bands with positive relief
localized within fold limb (arrows). Inset: Stereonet of band orientations across fold. (B) Band abundance and strike dispersion decreases near the fold
hinge (arrows). (C) Stick plot showing bands along 96 m scanline. Highlighted areas, covered sections filled by randomized bootstrap analysis. (D)
Normalized band intensity plot with several significant peaks, most notably at 15 m in limb. Band clusters are mostly located in fold limbs. Intensity is
number per unit length scanline (Ortega et al., 2006). (E) Normalized correlation count logarithmic plot shows high numbers of closely spaced bands
at sub-meter scale, with a principal cluster width of 1.4 m and a weak average cluster spacing of 15 m. Highlighted areas mark statistically significant
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suggests considerable localized flattening in the plane of cataclasis
(>50%) but no obvious shear offset.

Quartz cement in bands is mostly orange-red Qcl,
with minor blue Qc2 locally present on survivor grains in
damage zones (Figure 7G). Quartz cement surrounds and rims
broken particles but is itself unbroken suggesting precipitation after
most deformation ceased. Cataclastic zones with abundant fresh
surface area from grain crushing contain 36% quartz cement versus
11.9% in damage zones and 11.5% in undamaged BR host rock.
K-feldspar cement is negligible in cataclastic zones (0.4%) and low
in damage zones (1.9%) versus the host rock.

Increased iron-oxide deposits within and around bands (7.0%
vs 0.08% in undeformed rock) overlap and postdate quartz and
feldspar cements (Figures 7C, D). Later microfractures formed

locally around and through deformation bands in a variety of
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orientations (Figure 7B). These fractures generally retain porosity
and are 0.01-0.03 mm wide. Some are barren (lack mineral
deposits) or contain iron-oxide cement linings (Figure 7F), while
others have thin quartz cement rinds and phosphatic iron-oxide
filled tips (Figure 7I). Minor deposits of pyrite, iron-rich chlorite,
and pore-filling blocky phosphatic iron oxides are found in
the host rock near bands (Figure 7]) suggesting introduction of
hydrothermal fluids.

4.3 Opening-mode fractures
4.3.1 Fracture sets

Subparallel sets of fractures are visible as traces on bed surfaces
in outcrops (Figures 2C, D, 8-10) (Table 3). Fractures have steep
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Pore (Plucked)

FIGURE 7

Deformation band composition and microtextures. (A) BR hand sample with increased iron-staining (orange) surrounding band. (B) Blue epoxy-stained
bed-perpendicular thin section of band in A. Fe-oxide cement is black or brown in plane light. F, localized late fractures in various orientations. (C)
SEM-EDS iron elemental map of boxed area in B. (D) SEM-EDS of same area as C. Quartz, red; detrital K-Feldspar, yellow; clays, green; accessory
minerals, purple or blue; porosity, black. (E) Color SEM-CL of boxed area in D illustrating alternating damage (DZ) and cataclastic (CZ) zones. Detrital
quartz, pinkish orange or light-medium blue; detrital K-feldspar, darker blue or orange-red; Clays/Fe-oxide, black; Porosity, green. Quartz cement is
mostly red Qcl. (F) Box f in E, lron-oxide (black) lined fracture cutting across band; porosity, green. (G) Box g in E, Blue Qc2 cements larger grains in
damage zones (arrows). (H) Box h in E, Abrupt transition within band from tight cataclastic foliation to porous damage zone; porosity, green. (I) Color
SEM-CL-EDS composite image of later microfracture adjacent to band with phosphatic iron (FeP) cemented tip. Pore is oversized probably from grain
plucking during sample preparation. (J) SEM-EDS Fe, S, and P elemental map of same area as | showing pyrite and pore-filling phosphatic iron deposits
in host rock near bands.
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TABLE 3 Outcrop fracture aperture and spatial results.

10.3389/feart.2025.1545052

Outcrop GPS Scanline Fracture Aperture (mm) Abundance Avg Cv; NCC
Orientation Set (N/m) spacing Category
Length Avg | min | max (m)
(m)
Rtl6-1a A 211 - - - 55 0.181 0.77; Random
E-W to
38.18 Anticlustered
Rt16-1b A 78 0.43 0.075 1.75 5.8 0.175 0.9;
E-W Indistinguish-
13.48 able from
Rtl6 44°52:2 1.94::N Random
73°39'57.22"W
Rt16-2 C 24 0.44 0.175 1.15 0.6 1.504 1.63; Weakly
NE-SW Clustered
41.60
Rt16-3 D 57 - - - 1.4 0.683 0.76; Random
N-S to
40.45 Anticlustered
BR-1 A,B,C 246 - - - 11.5 0.085 1.44; Clustered
E-W combined
21.40
BR 44°52'32.72"N
73°38'18.09"W
BR-2 A,B,C 171 - - - 10.7 0.093 1.39; Weakly
E-W combined Clustered
15.95
CBL 44°51'5.10"N CBL-1 A 52 0.23 0.05 0.75 9.3 0.182 1.13;
73°35'18.10"W E-W Indistinguish-
5.6 able from
Random

dips (=80°) normal to bedding. Opening is marked by wall-normal-
displacement offsets on cut grains and locally by plumose structures
(Hodgson, 1961; Pollard and Aydin, 1988). Fracture walls are
sharply defined and smooth with tabular to lens-shaped profiles
that abruptly diminish in width near I-node tips. Fractures have
small maximum aperture/length (aspect ratio of less than 0.002); i.e.,
they are long and thin (Figures 8, 9). Fractures are segmented in en
echelon and right and left stepping arrays (Figure 8C).

We subdivide fractures into Sets A through D based on narrow
strike ranges (preferred orientations), cross-cutting and abutting
relations, and mineral fill (Figures 8, 9). Although abutting relations
are clearest at outcrop scale, crossing relations are locally evident
but may not be diagnostic of timing if the relations are ambiguous
(i.e., two open fractures). However, at micro-scale where cement
deposits are visible, crossing relations are definitive. Relationships
show sets formed A->D from oldest to youngest (Figures 8-10). Set
A, prominent as dark linear features on regional 1 m LiDAR DTM
and drone imagery, is the most abundant (Figures 2B, 5A, 10). Set A
fracture tips dominantly taper to I- or Y nodes and these fractures
are crossed or abutted by other sets. Using 30 m-elevation drone
imagery at Rt16, we investigated abutting and crossing relations of
Sets A and D within a ~600 m? area (Figures 10A, B). Regardless of
individual fracture length, Set D fracture tips (n = 322) consistently
terminate (abut) against Set A fractures (Figures 2D, 8B, 9, 10). Set D
fractures tend to have tabular shapes owing to these abutments. Set

Frontiers in Earth Science

A fractures (NNW) have ~30° strike dispersion across the Altona
area but narrower ranges within individual outcrops. Set B has
the widest strike dispersion (NE; ~40°), while Set C (NW) and
D (ENE) strikes vary by only ~10°. We designate these structures
opening-mode fractures rather than joints (e.g., Williams et al.,
2010a) because these fractures have two attributes—quartz
deposits and contemporaneous microfracture arrays—that are
not characteristic of joints. All Sets transect and thus post-date
compaction textures.

4.3.2 Quartz and other cements

Documenting quartz fill in outcrop fractures is challenging,
particularly if traces rather than fracture faces are exposed, and
definitive cement identification requires microscopy. Some of
our microanalysis hand samples have edges along Set A and
C macro-fracture faces showing mm-scale or thinner quartz
rind deposits (Figure 11), e.g., faceted overgrowths on individual
substrate quartz grains and pre-fracture quartz cement (Lander
and Laubach, 2015). Fracture-fill quartz luminesces mostly blue
like host rock Qc2 and contains zoning textures consistent with
crystal growth into open cavities. Here rind thickness provides
minimum open fracture widths. Faceted rinds are as much as
0.04 mm thick for Set A and 0.03 mm thick for Set C (Figure 11),
implying minimum fracture apertures of 0.06 mm (Set C)
to 0.08 mm (Set A).
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18] Fracture set| SetA (Oldest) SetC Set D (Youngest)
Strike NNW ENE
Dip Azimuth NE
Dip Angle (Avg)
Stereonet

Rose Diagram
(Area Scaling)

Largest freq. = 39% 341°-350°

Largest freq. = 36% 041°-050°

Largest freq. = 54% 321°-330°

XL

Largest freq. = 50% 076°-080°

Quartz Cement Yes ? Yes ?
Microfractures Yes Yes Yes Yes
Microfr. Quartz Yes Yes Yes Yes

FIGURE 8

fracture traces.

Attributes of subvertical fracture Sets A — D. (A) Fracture characteristics from Rt16, CBL, and BR combined. Sets A and C macro-fractures have quartz
cement rinds and all sets have associated quartz-cemented microfractures. We separately describe quartz deposits and fill patterns. (B) Rt16 iPhone

panorama showing Sets A — D (letters). Prominent Sets A and D fractures divide the outcrop into rectangular blocks. View south; image edges curved
due to camera panorama settings. (C) Rt16 outcrop image showing overlapping right and left en echelon segments (color-coded arrows) comprising

Petrography also reveals quartz rind deposits ~0.002-0.02 mm
thick along narrow-aperture macroscopic Sets A and C fractures
in thin section (Figure 12). Within narrow fractures or with more
quartz accumulation, rind facets coalesce and may span fractures,
bridging or filling them (Figure 12L). Although quantified in only
two instances, Set C macro-fractures have less quartz cement
than older Set A fractures. Some narrow macroscopic fractures
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have ambiguous internal structure. For example, Set A fractures
~0.12-0.4 mm wide can be barren or quartz-lined but with quartz-
sealed tips or they can contain quartz linings plus mixed phosphatic-
iron oxide cements and clay minerals (Figures 12D-TI). In another
narrow Set A macro-fracture, areas of brecciated quartz could mark
localized shear after the fracture formed, but the lack of other shear
indicators like wing cracks suggests that in these outcrops post-
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FIGURE 9
Outcrop fracture trace patterns showing crossing and abutting relationships. (A) Rt16 with typical trace patterns and crossing relationships of fracture
Sets A — D. (B) Ausable Chasm pavement ~35 km SE with Sets A — D in a similar pattern. (C) BR with Sets A and D in typical checkerboard pattern. Sets B
and C are present but sparse and not visible in the image. (D) Fracture Sets A — D occur in comparable patterns within most RR exposures, but this area
contains a dense Set A fracture cluster surrounded by mostly unfractured rock. Sets B and C are absent in this section of RR.

fracture shearing is minor. Set C narrow macro-fractures contain
quartz cement rinds and bridges, as well as later deposits of likely-
hydrothermal phosphatic-iron oxide cement like Set A (Figure 12]-
p). Quartz crystals are euhedral and therefore precipitated into
open fractures at depth. For Sets B and D fractures, some surfaces
are barren or have iron oxide coating (Figure 13). Quartz-filled
microfractures parallel to Sets B and D suggest that lack of quartz
in larger fractures could be due to local vehicle use, sample damage,
or fracture weathering.

Sparse, localized red-orange iron oxide stains are present
along some or parts of fractures having a range of apertures
from all sets, likely marking late fluid flow (Figure 13). Stains
primarily coat fracture walls and are commonly limited to parts
of individual traces (typically < 1 m along strike) (Figure 13A).
Stains generally extend out a few mm, locally up to 2cm,
from fracture walls (Figures 13C, D). Some stained areas have
positive relief (Figure 13B). Stains are rare within host rock
away from fractures, typically occurring in small patches
(Figure 13E) or along bed interfaces (Figure 13F). Fe-oxide
stains are located where fracture spacing is close (Figure 13G).
Also present at Rtl6 is one c. 2m? area where several
fractures from all four sets are conduits for active, if minor,
groundwater seepage (Figure 13H). See Supplemental Material
for a survey of stain occurrence along fracture scanlines
from Rt16 and BR.
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4.3.3 Microfractures

Thin sections contain quartz-filled microfractures from Sets
A-D (Figure 14). Most microfractures are only visible using
SEM-CL but a few longer and wider microfractures are also
visible under transmitted light as steeply dipping fluid inclusion
planes (Anders et al., 2014). Microfractures are categorized based
on crosscutting relations with grain boundaries and orientation
patterns (classification: Laubach, 1997). Categories are inherited,
marked by quartz filled microveins truncated at grain margins;
radial, marked by grain-scale localization and generally triangular
shapes (likely the result of compaction or shear); and transgranular,
marked by shapes and orientations that resemble those of much
larger ‘regional’ macro-fractures. Fluid inclusion planes that lack CL
signature are likely inherited from grain source areas.

In thin section we focus on transgranular microfractures that
transect two or more grains and intervening cement, thus postdating
compaction and at least part of quartz cement accumulation. Some
transgranular fractures crosscut inherited or compaction-related
quartz filled fractures. Sets of transgranular microfractures have
steep dips and share the same strikes and crosscutting relations
as macro-fractures Sets A-D (Figures 9, 14). We interpret them
to be the small size fraction of Sets A-D. Like macro-fracture
cement, microfracture quartz luminesces mostly blue and contains
zoning textures consistent with crystal growth into open cavities
(Figure 15). Microfractures have closely spaced en echelon tips and
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FIGURE 10

Outcrop drone images of fracture patterns and trace lengths. (A) Rt16 30-m elevation drone image with fracture Sets A (blue) and D (pink) partially
traced at this resolution. Stickplots, Sets A (Rt16-1a), C (Rt16-2), and D (Rt16-3) macroscanlines; see Table 3 for details. Red line indicates cluster of
iron-stained Set A fractures. Set B is too sparse for scanline analysis. Center inset: Hand-held LiDAR and trace patterns for connectivity analysis (see
Figure 20). Corner inset: stereonet of Rt16 bedding (green) and fractures. (B) Fracture length trace map of Sets A (yellow) and D (pink) within ~600 m?.
Set A fractures are more abundant, more closely spaced, and have longer trace lengths than Set D, which abut Set A. (C) BR 20-m elevation drone
image. Stickplots, Scanlines 1 and 2 capture all fractures at high angle regardless of set; see Table 3 and Supplementary Data sheet 1 for details. Red
lines indicate iron-oxide-stained fractures (see Figure 13G for details). Inset: stereonet of BR bedding (green) and fractures.

Scanline 2
Sets A-C

locally contain K-feldspar cement where they pass through a feldspar
substrate (Figure 15).

In long thin section transects, transgranular microfractures
vary in abundance from absent to 5.9/mm (Set A, Rt16) (Table 4).
Microfractures also occur in Potsdam sandstone at High Falls, 35 km
west of the Flat Rocks area (Figure 1). Here, an SEM-CL image
mosaic from a matrix-rich, quartz cement-poor Potsdam sandstone
has sparse, small microfractures but records two near orthogonal
strike sets (Supplementary Material).

4.3.4 Fracture size
4.3.4.1 Height and length

Sets A and D have broad size ranges that include tall and long
examples but also microfractures. Heights are not well exposed in
nearly flat lying bedding pavements. Sparse vertical exposures at
CBL and BR have a range of heights censored by outcrop size. At
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Ausable Chasm, where exposures are c. 30 m, the heights of some
individual traces penetrate nearly the entire exposure (Figure 16).
For Set A the tallest fully exposed fractures terminate at interbeds
(typically siltstones or fine sandstones) or unit boundaries, but
most fractures do not end at the same stratigraphic position likely
owing to insufficient mechanical contrasts to halt fracture growth
at sand-on-sand contacts. A range of shorter heights (meter scale)
are present. For Sets A and D, fractured layer thickness ranges
from 1 to >5m, although if the pattern is top-bounded as at
Ausable Chasm, these are underestimates of maximum height due
to censoring (Figures 16A, B). Top-bounded height patterns typify
microfractures and are common in core fracture patterns (e.g.,
Laubach et al., 2009, their Figure 1).

In plan view, fractures have lengths comprised of shorter, linked,
or echelon segments (Figures 8C, 15). Sets B and C range from
sparse to absent across outcrops, and where present typically have
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FIGURE 11
Macro-fracture quartz rind deposits. (A) Set A macro-fracture face with quartz cement rind, BR. Thin section cut perpendicular to fracture face. (B)

DSLR macrolens image of boxed area in A; quartz cement crystals (Qc) are visible on fracture face. (C) SEM-CL-EDS composite image reveals sub-to
euhedral quartz cement crystals on individual grains (arrows) parallel to cemented Set A transgranular microfracture, F. (D) Color SEM-CL image (boxed
area in E) of another section of the fracture face with mostly blue-luminescing euhedral quartz cement (Qc). (E) Color SEM-CL image of fracture wall
showing quartz cement (arrows) precipitating on detrital quartz grains but not detrital K-feldspar. Set A rind thickness averages 0.04 mm. (F) Rt16 hand
sample R16-21-3 in situ. Bottom edge (arrow) is the north face of a Set C macro-fracture imaged in G-I. (G) SEM-CL-EDS composite image of
subhedral quartz cement (Qc) on quartz grain along macro-fracture face. (H) Color SEM-CL-EDS composite image of euhedral quartz overgrowths
(Qc) on Set C macro-fracture face. F, Set C quartz-filled microfracture. (I) Color SEM-CL (left) and EDS (right) images along another section of the Set C
macro-fracture face showing mostly blue-luminescing quartz cement (arrows). Set C rind thickness averages 0.03 mm. Q, quartz grain; Fp, K-feldspar
grain; Qc, quartz cement; Fpc, K-feldspar cement; |, illite.
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FIGURE 12
Narrow-aperture macro-fracture cements. (A) Rt16 hand sample R16-21-3 with visible Sets A and C macro-fractures. (B) DSLR macrolens image of
large thin section (50 X 76 mm) capturing Set A fractures, box b in A. (C) DSLR macrolens image of thin section (27 x 46 mm) capturing Set C fractures,

box cin A. (D) SEM-CL-EDS composite image of 0.2 mm wide porous Set A macro-fracture with some possible minor breccia fill, box d in B. The
macro-fracture cuts across (potentially reactivates) an older sealed Set A microfracture (MF). (E) Color SEM-CL image showing Set A macro-fracture

transitioning from barren to quartz lined to fully cemented at fracture tip, box e in D. Black arrows, other quartz-filled fracture tips in overlapping

patterns. Porosity, green. (F) SEM-EDS image of narrow-aperture Set A macro-fracture with porosity (black), clay minerals (green),
and likely-hydrothermal phosphatic iron cement (FeP; orange-blue), box f in B. These minerals occur along a section of the mostly barren fracture seenin
(Continued)
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FIGURE 12 (Continued)

D illustrating their sporadicity. (G) SEM-EDS closeup showing details of clays (green) and phosphatic-iron cement (orange/light blue), box g in F. (H)
SEM-CL image of two open Set A macro-fractures (OF) with darker quartz cement linings (arrows), box h in B. (I) SEM-CL-EDS composite image
detailing thin quartz cement lining on fracture walls, box i in H. (J) SEM-CL image of 0.1 mm wide porous Set C macro-fracture with euhedral quartz
cement rind, quartz bridges, and FeP cement, box j in C. (K) SEM-CL image shows FeP lining on feldspar substrate preserves fracture porosity (P),
while adjacent fracture porosity is completely occluded by quartz cement (Qc), box k in J. (L) Color SEM-CL image of fracture-spanning quartz
cement bridges nucleating on favorably oriented crystallographic substrates, box L in J. (M) SEM-EDS image and (N) Color SEM-CL image (box m,n in
J) illustrating blue-luminescing euhedral quartz crystals, followed by later FeP cement. (O) Color SEM-CL image of completely occluded fracture
porosity, box o in J. (P) SEM-EDS closeup of FeP cement; texture appears hydrothermal, box p in J. Q, quartz grain; Fp, K-feldspar grain; Qc, quartz
cement; Fpc; K-feldspar cement; FeP, phosphatic iron cement; C, clay; R, rutile; P, porosity.

short trace lengths (c. 0.2 m and c. 0.2-2.5 m, respectively), so
lengths were only analyzed for the more ubiquitous Sets A and D
fractures. Over 3,400 Set A and D fracture lengths were measured
at various scales on 30-m elevation drone images, 1-m elevation
LiDAR images, 1D outcrop scanlines, and microscanlines on large
50 x 76 mm thin sections (Figure 17). Set A has the widest variety of
lengths ranging from lineaments >300 m visible on regional texture
shaded 1 m LiDAR DTM (Figure 5) to traces <0.01 mm visible
on SEM-CL images. Maximum Set A traces are nearly 3x greater
than maximum Set D traces. Average length values for Set A more
than double on drone images compared to 1D outcrop scanlines
(Figures 17A, B), whereas Set D lengths nearly double from outcrop
to drone scale (Figures 17C, D).

Combining measurements at all resolution scales with
systematic measurements, Set A lengths range from 0.0085 mm to
17.9 m, spanning five orders of magnitude, and more if traces from
DTM are included. At drone-scale, some long Set A traces extend
beyond outcrop limits, precluding measurement of maximum
length. Set D commonly has short lengths dictated by fracture tip
abutments against Set A. Set D lengths range from 0.369 mm to
5.7 m, spanning just over two orders of magnitude.

Length distributions are best fit by negative exponential
(Figure 17F) or lognormal distributions, but some can be fit
by power law distributions (purple curve, Figure 17G). Like the
cumulative frequency plots, violin plots show more short fractures
relative to longer fractures (Figures 17F, G insets). The width of each
violin plot represents the fracture trace length density. Although not
normalized, these plots allow a visual comparison of fracture length
variability across different scales of observation. Violin plots show
both Sets A and D produce multimodal length distributions at the
LiDAR scale, but more unimodal length distributions at the drone,
scanline and thin section scales.

4.3.4.2 Kinematic aperture size, predictive spacing, and

emergent threshold
Fracture kinematic apertures, or opening displacements

irrespective of fill, have a wide range skewed toward narrow
fractures. The widest fractures are >1 mm. Microfracture opening
displacements from all sets are small (Table 4). Set A macro-
fractures along a Rt16 scanline 13.48 m long, n = 78, have mean
aperture of 0.43 mm and maximum aperture of 1.75 mm. Another
CBL Set A scanline 5.6 m long, n = 52, has mean aperture of
0.23 mm and maximum of 0.75 mm. Set A narrow-aperture macro-
fractures in thin section and outcrop macro-fractures overlap in
size, ranging from 0.05-1.75 mm, and can have porosity. Set A
microfractures range from 0.00024-0.035 mm (Figure 18A) and
are completely quartz cemented. Set B microfractures from BR and
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RR have a limited aperture-size range from 0.0002-0.0017 mm
(Figure 18C), spanning less than an order of magnitude. Both
populations are completely cemented and dominated by tiny 1-
micron-scale widths. Rt16 Set C macro-fractures along a 41.60 m
long scanline, n = 24, have a mean aperture of 0.44 mm and
maximum of 1.15mm (Table 3). Set C macro-fractures range
from 0.175-1.15 mm and can have porosity. Set C microfractures
range from 0.00025-0.0131 mm (Figure 18B) and are completely
quartz cemented. Set D microfracture apertures range from
0.00017-0.0050 mm (Figure 18D), spanning approximately 1.5
orders of magnitude and are completely sealed.

Aperture size distributions show systematic patterns of
cumulative frequency versus aperture size (Figure 18). Cumulative
frequency is size rank (1 for the largest, 2 for the second largest,
and so-on) divided by scanline length. Each fracture population
was best-fit with power law, exponential, normal, and lognormal
equations, and relative quality of fit of each equation was evaluated
using the chi-squared error (e.g., Hooker et al., 2014):

X2 =2 [(Oi'Ei)z/Ei]

where O; is the observed frequency of each size and E; is the
modeled (best-fit) frequency. The fit producing the lowest error is the
closest fit to the data. All ten aperture size distributions are best fit
by power law or lognormal distributions (Supplementary Table S1).
Of the four power laws, three comprise Set A populations with
microfracture apertures spanning 2-3 orders of magnitude. The
best-fit power laws have slopes of —0.87 to —0.99 (Figure 18A).
The Set A lognormal population from RR has the fewest total
fractures (n = 31) and smallest maximum fracture size (0.002 mm).
Conversely, the Set C population from Rt16 having a single widest
fracture (0.013 mm) about 4.6 times as large as its second widest
fracture is the only non-Set-A population best-fit by a power law
(Figure 18B; R16-3-2C-1). The remaining populations: two from Set
B, two from Set C, and one from Set D are best fit by lognormal
distributions. Both Set Bs and the two lognormal Set C populations
have limited aperture sizes spanning less than an order of magnitude,
with similar minimum sizes to that of Set A microfractures, but
a smaller maximum size (<0.003 mm) (Figures 18B, C). The single
Set D population qualitatively resembles that of the lone Set C
population best-fit by a power law (Figures 18B, D). These Set C and
D populations are from Rt16. While the Rt16 Set C microfractures
feature the outlying large maximum fracture size, the Set D size
distribution has a concave-downward (lognormal) trend among the
smallest fractures but a limited power law with steep slope from
~0.01-0.001 mm (Figure 18D). No data points were removed for
this analysis. We address the potential for sampling biases in the
Discussion.
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FIGURE 13

Evidence of contemporaneous fluid flow (water) and paleoflow (iron-oxide stains) along fractures and bedding planes. (A) Iron stains localized along
fracture walls are commonly limited to parts of individual traces, Sets A and D, Rt16. (B) Iron-oxide cement in fracture with positive relief seen through a
10x hand lens, Set A, CBL. (C) Stains may extend 10-20 mm on either side of fracture, Set A, BR. (D) Iron-oxide stains occur along fractures having a
range of apertures, Sets A and D, Rt16. (E) Set A fractures with an array of iron-stained en echelon fracture tips. Small patchy stains occur within host
rock near fractures (arrows), Rt16. (F) Unfractured bedding plane with iron-oxide stain on bedding interface and modern groundwater seeps over
stained rock, BR. (G) 20-m elevation drone image, BR (see Figure 10C for details). Red overlay: Extrapolation of paleoflow based on clustered
iron-stained fractures (see Supplementary Figures S2-S6 for more details). Inset: stereonet of BR iron-stained fracture strikes comprised mostly of Set
A. (H) c. 2 m? area where fractures are conduits for active, if minor, groundwater seepage, Sets A — D, Rt16.

_f Fe@sStain
& Water:

For each Set A and Set C data set, Ortega-constant power
law extrapolation lines with slope —0.8 were added to predict
average spacing (the inverse of cumulative frequency; secondary
y-axis) of macro-fractures (Ortega et al., 2006). Obtaining the
normalized intensity or average spacing for a given fracture-size
threshold involves using the power law distribution and reading
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the corresponding frequency, or number of fractures per unit
length of scanline, for a given fracture size, and an average spacing
estimate using inverse frequency values (i.e., average spacing)
for that size fracture and larger. Even where microfractures are
best fit by power laws, they tend to overpredict macro-fracture
frequency.
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FIGURE 14

A microfracture, boxed area in I.

Microfracture crosscutting relationships parallel those of associated macro-fractures. All images are plan view, oriented north-up. All grains are quartz
unless labeled Fp (K-Feldspar). SB, sutured boundaries between detrital grains from mixed compaction and pressure solution during burial. (A) SEM-CL
overview of Sets A and B transgranular microfractures, Rt16. (B) Color SEM-CL of Set B microfractures crossing older Set A microfractures, boxed area
in A. (C) Color SEM-CL of Set C transgranular microfracture crossing multiple older Set A transgranular microfractures, Rt16. Note normal grain offset
by microfractures. (D) SEM-CL overview of Sets B and C transgranular microfractures, RR. (E) Color SEM-CL of Set C microfracture crossing older Set B
microfracture, boxed area in D. (F) SEM-CL overview of Sets C and D transgranular microfractures, BR. (G) Color SEM-CL of Set D microfracture
crossing older Set C microfracture, boxed area in F. (H) SEM-CL overview of Sets A and D transgranular microfractures, Rt16. (I) Color SEM-CL
highlighting common aperture size disparity between Sets A and D, boxed area in H. (J) Color SEM-CL of Set D microfractures crossing much wider Set

These kinematic aperture measurements do not account for
mineral deposits in the fractures. The degree of mineral fill varies
with fracture width and with fracture set. Microfractures are
filled, but wider fractures may be partly open. The characteristic
aperture size range at which fractures transition from filled to
partly open is called the emergent threshold (Laubach et al., 20005
Laubach et al.,, 2003) and must be separately determined for each
set. Based on observations of quartz cement deposits, the emergent
thresholds for Sets A and C are 0.1-0.5mm and 0.05-0.1 mm,
respectively (Figures 18A, B).

4.3.5 Fracture spatial arrangement

4.3.5.1 Spacing
Sets A and D are closely spaced and abundant in all outcrops,

subdividing outcrops into rectangular blocks (Figures 2D, 8B, 9,
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13). Sets B and C are sparse and may be absent (Figure 9). Average
fracture spacing from 1D outcrop scanlines is 0.18 m for Set A
and 0.68 m for Set D (Figure 17E; Table 3), both of which are close
relative to fracture height (Figures 10, 16). Mean spacings from 1D
microscanlines for Sets A and D transgranular microfractures are
0.26 mm (n = 163) and 0.54 mm (n = 80), respectively (Table 4).
Rtl16 outcrops are long and continuous enough to allow
1D spatial analysis using Normalized Correlation Count (NCC)
(Marrett et al, 2018). Data sets are shown on both linearly
graduated length scale NCC plots, which are best for identifying
and quantifying regularly spaced fractures, and NCC logarithmic
plots which best reveal clustering behavior (Figure 19). The spacing
coeflicient of variation (Cv, standard deviation divided by mean)
is 0.77-0.9 for Set A and 0.76 for Set D (Table 3). Cv for both
sets is lower than the 99% confidence interval defined for random
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FIGURE 15

Microfracture cements. Color SEM-CL image of ~0.02 mm wide,
transgranular, quartz cemented Set A microfracture, Rt 16. x'-x" marks
image continuation. Fracture-fill quartz (Fg) luminesces mostly blue
like host rock Qc2; microfractures from all Sets have similarly uniform
CL response. Textures are mainly CL zones consistent with crystal
growth into open cavities (z). Locally, fractures contain K-feldspar
cement where they pass through a feldspar substrate (white arrows).
Fractures cut through pore-filling quartz (Qcl, Qc2) and feldspar (Fpc)
cements. Individual microfracture traces are composed of multiple en
echelon segments with overlapping tips (black arrows). Q, quartz
grain; Fp, K-feldspar grain; Qcl-2, quartz cement; Fpc; K-feldspar
cement; r, rutile; green, porosity. SB, sutured boundaries between
detrital grains from mixed compaction and pressure solution

during burial.

arrangements by Hoolker et al. (2023b) and are therefore compatible
with anticlustering (either regular or periodic arrangement). Set A
macro-fractures NCC patterns are primarily anticlustered with an
anticlustering signal that diminishes at longer length scales caused
by slight variations in spacing values (Figures 19B, D, F). Thus,
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across length scales, patterns are regularly spaced (anticlustered) at
short distances (<10 cm) and randomly arranged at longer distances
(>10 cm). Set D macro-fractures show a similar behavior to Set
A, ie., at small length scales anticlustering is evident, but the
pattern becomes indistinguishable from random with increasing
length scales (Figures 191-K).

Microfracture Cv is markedly higher (Set A = 1.37, Set D =
1.15) than for macro-fractures (Table 4), agreeing with 1D NCC
analysis showing arrangements statistically more clustered than
random, albeit weakly (Figures 19A, C, E, G, H) (Marrett et al.,
2018; Hooker et al., 2023b). Set A microfractures show multiple
statistically significant clusters with identifiable principal cluster
widths and spacing (Figures 19C,E). At smaller length scales,
minimum cluster width is 0.08 mm with cluster spacing of 0.3 mm,
while at larger scales, minimum cluster width is 0.5 mm and
cluster spacing is 4 mm. Unlike Set A, Set D microfracture NCC
analysis shows only one statistically significant fracture cluster
with a minimum cluster width of 0.07 mm (Figure 19H). For
both Set A and D microfractures, NCC analysis shows spacings
between 0.01-0.05 mm are systematically more abundant than in a
random arrangement for the observed scanline lengths and number
of features.

The pattern of generally pervasive, apparently relatively evenly
spaced Set A and D fractures is broken at one RR locality. Here, Set A
fractures occur in a tight cluster (swarm or corridor) within a largely
unfractured bed (Figure 9D) that is slightly higher stratigraphically
than the main bed at nearby BR. Spacing within the cluster is <
0.15 m. The cluster is > 1.5 m wide and at least 10 m long, with the
actual length limited by outcrop extent. The cluster is not associated
with a visible fold or fault and the orientation is oblique to the older
monoclines.

Considering Set A alone, a two-dimensional analysis using a
version of correlation count that accounts for fracture location
and length (NCC 2D) shows that trace center points (barycenters)
are mostly distributed in a pattern indistinguishable from random
(Corréa et al., 2022; see Supplementary Figure S2). 2D analysis
weighted for size and strike dispersion shows heterogeneity for
long fractures distant from each other (>9 m) and although mostly
parallel, spatial strike variability of a few degrees mostly at selected
distances (<1 m, 2.5 m, 8 m).

4.3.5.2 Connectivity
Trace maps of prominent Set A and D fractures show differences

in trace connectivity, length distributions, and frequencies
depending on how nodes are defined. We mapped traces on a
handheld LiDAR image from Rt16 (Figure 20; see Figure 10A)
with and without special nodes that identify where narrow-width
fracture connections may exist (contingent or C nodes; Forstner
and Laubach, 2022). Scale-dependent, rule-based C-nodes identify
diagenesis-sensitive connections by denoting areas where fracture
tip offset distance is equal to or less than a specified value. C-nodes
are placed at the centroid of the offset and overlap and denote a
continuation of fracture trace. C-nodes for Set A required <1 cm
segment offset and for Set D <3 cm offset because outcrop and
petrographic observations indicate such distances are commonly
linked by microfractures at the hand-lens to SEM-CL scale.

Using traditional IXY-nodes,
0.04-1.84 m, IXYC-node

Set A trace lengths are

while trace lengths increase to
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TABLE 4 Thin section-scale fracture aperture and spatial results.

Outcrop | MicroScanline| Fracture Set | N Aperture (mm) Abundance Avg spacing Cv; NCC
Orientation T (N/mm) (mm) category
Length
(mm) @
b A 181 | 0.0058 | 0.00026 | 0.4054 43 0.260 1.37; Weak
R16-3-2C-1™ )
Clustering
E-W
4215
C 66 | 0.0012 | 000027 | 0.0131 1.6 - -
RUI6 R16-3-2C-2 D 80 | 0.0007 | 0.00017 = 0.0050 1.8 0.538 1.15; Weak
N-S Clustering
44.11
R16-3-2B" A 243 | 0.0032  0.00024 = 0.1300 59 - -
E-W
41.19
A 45 | 00017 | 0.00026 = 0.0109 22 - -
BR-21-3
BR E-W B 40 | 0.0006 & 0.00028 | 0.0012 2.0 - -
20.11
C 30 | 0.0007 | 0.00026 | 0.0012 15 - -
A 31 | 0.0009 = 0.00041 = 0.0016 0.9 - -
RR-4
RR E-W B 92 | 0.0008 | 0.00027 = 0.0017 27 - -
34.30
¢ 126 | 0.0009 | 000025 & 0.0026 37 - -

#Abundance and average spacing from 1D microscanlines. Coefficient of variation (Cv) derived from Marrett et al. (2018) normalized correlation count (NCC) analysis.

bSet A apertures, spacing, and Cv results include both microfractures and thin section narrow-aperture macro-fractures. The largest Set A microfracture is 0.035 mm wide and completely
quartz-sealed.

“Set A Cv results based on n = 163.

0.04-2.62 m. The conventional IXY trace map shows Set A trace  Exceptions are a few inclusions with large vapor bubbles close to
lengths 0.04-0.48 m occur more frequently per square meter the thin section surface, most likely the result of decrepitation
compared to IXYC trace maps. Using traditional IXY-nodes,  during sample preparation. These inclusions were avoided during
Set D trace lengths are 0.024-0.723 m, while contingent IXYC-  microthermometry.

node lengths are similarly 0.030-0.723 m. The use of C-nodes Inclusions homogenize in a relatively narrow range from
finds slightly longer trace lengths overall, especially for Set A.  120°C to 129°C, with similar or smaller ranges within individual
Fracture traces for both sets are shorter without contingency rules  FIAs (see Supplementary Table S2), giving minimum trapping
because C-nodes connect traces that are separable at a given image  temperatures. Ice melting behavior indicates the presence of a
resolution, as described by Forstner et al. (2025). The total number H,0-NaCl-dominated fluid, with no evidence of dissolved gases
of traces decreases from 197 without C-nodes to 131 with C-nodes  (Fall 2020). Final ice melting temperatures of —19.2°C to —17.6°C
(Figures 20A, C). The near-orthogonal pattern of Sets A and D correspond to salinities of 20.6-21.7 wt% NaCl equivalent (Steele-
fractures have high overall trace connectivity using C-nodes, like  NfacInnis et al., 2012). Substantial regional salt horizons extend into
outcrop observations indicate, compared with results from the Appalachian Basin (Rickard, 1975) and our FIA salinity values
classic IXY method (Figures 20B, D). are compatible with compositions of deep brines. These are the first

o ) fluid inclusion results from fracture quartz cement in this region.
4.3.6 Fluid inclusions

Fluid inclusion assemblages (FIAs) are present in quartz-filled

microfractures, most clearly in Set A (Figure 21). In transmitted 4.3.7 Bed-parallel fractures

light, FIA trails mark the microfractures that appear either isolated Visible in some outcrops are rare barren low-dip joints
or in small fracture clusters of up to five. Based on a strict  (Figures 16A, C, D) that crosscut or abut, and thus postdate,
petrographic context, each microfracture represents an individual ~ subvertical fracture sets. Although mostly planar, some have
fracturing and cementation event, but all are part of the same  undulating traces and extend discontinuously for meters along
fracture Set A. The fluid inclusions are semi-rounded to irregularly ~ outcrop faces (Figure 16A). Opening displacements are generally
shaped with their long diameters up to 20 um aligned with ~ <I mm, although apertures of a few to tens of millimeters are
microfracture planes (Figure 21B). Aqueous inclusions are liquid  present. Some penetrate less than 0.5 m into the outcrop face. SEM-
dominated and have similar liquid-vapor ratios (Figure 21C).  CL analyses found no evidence of quartz or other mineral deposits
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FIGURE 16

Vertical exposures showing fracture heights and bed-parallel fractures. (A) iPhone LiDAR image of a few meters of vertical exposure, CBL. View NE.
Dashed lines, bed trace; Fa, Set A fracture; Fbp, bed-parallel joint; Arrows, vugs. (B) c. 25 m vertical exposure at Ausable Chasm showing mostly Set A
(Fa) heights. View south. Inset: stereonet of bedding and fracture Sets A — D measured on nearby bed-parallel pavements. (C) Rt16 hand sample cut
normal to bedding showing bed-parallel fracture (Fbp) abutting vertical Set A fracture (Fa). (D) SEM-EDS of boxed area in C. SEM-CL overlay shows no
quartz cement within bed-parallel fracture indicating near-surface formation.

in bed-parallel fractures and no associated bed-parallel quartz-
filled microfractures (Figure 16D). Some bed-parallel fractures are
marked by iron oxide stains or active groundwater flow. Joints are
subparallel to bedding and are generally challenging to separate
from weathered beds except where associated with large weathered
out pores (vugs). Vugs are irregular to ellipsoidal cavities that exist
locally along bed-parallel fracture traces (Figure 16A). The long
dimension of ellipsoids parallels bedding. No quartz deposits were
found in vugs. Given limited vertical exposures and challenges
separating bed-parallel fractures from weathered bed interfaces, we
did not quantify abundance or spatial arrangement of these features.

5 Discussion

Analysts use fracture data from outcrops—reservoir analogs—to
guide engineering planning (Agosta et al., 2010; Sanderson, 2016;
Bauer et al., 2017; Ukar et al., 2019; Peacock et al., 2022). Regional
and local fracture attributes are among the factors relevant to
assessment of geothermal resources (e.g., Muffler and Cataldi,
1978), yet they are commonly challenging to obtain for subsurface
targets owing to inherent sampling challenges (Table 1). A lack
of knowledge of fractures negatively impacts estimation of heat
exchange surface area and the prevalence of fast pathways for flow,
as well as increasing the uncertainty in stimulation design. Even core
and image log data, for example, rarely provide adequate fracture
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abundance information, may not delineate all fracture sets, typically
do not document fracture size and spatial arrangement patterns,
cannot systematically document connectivity, and cannot measure
length distribution. Although our outcrops are most relevant to
low-enthalpy targets in the eastern United States where district
heating is the goal (Jordan et al., 2020), the challenge of fracture
characterization is general (Laubach et al., 2019) as is the problem
of assessing what attributes can be reliably inferred from outcrop
for a subsurface target. What attributes from these outcrops can be
extrapolated to the subsurface and how?

A key step in the use of analogs is determining what attributes
in the outcrop, if any, are relevant to the subsurface target, which
is at depth and may be distant from the analog outcrop. One
question is: did the outcrop fractures form at depth? If they reflect
one of the many processes that can form fractures during uplift,
near-surface exposure, or weathering (e.g., Eppes et al., 2023) their
inclusion in reservoir models may be highly misleading and so
should be discounted. Outcrops, by virtue of having been uplifted
to the surface, always differ from deep-seated rock to some extent,
and the disparity impedes rigorous extrapolation from analog to
target. Large outcrops are also rare. Cautions of concern for use
of the Potsdam Group outcrops at Flat Rocks State Forest exist
in the literature. For example, at Ausable Chasm (Figures 1, 16),
orthogonal joints were interpreted as coeval, barren, and formed
in the near-surface environment due to the potentially negative
Poisson's ratio of arenitic sandstone at low confining pressures (i.e.
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FIGURE 17
Sets A and D fracture spacing and length distributions measured at various scales. (A) Set A lengths from 1D outcrop scanline, Rt16 (see Figure 10A for
details). (B) Set A lengths from 30-m drone image, Rt16 (see Figure 10B for details). (C) Set D lengths from 1D outcrop scanline, Rt16 (see Figure 10A for
details). (D) Set D lengths from 30-m drone image, Rt16 (see Figure 10B for details). (E) Sets A and D fracture spacing frequencies from 1D
scanlines (see Figure 10A for details). Solid vertical lines mark spacing of 0.5 m. (F, G) Set A (F) and Set D (G) fracture trace length cumulative
frequencies over four and three scales of observation, respectively. Both are best fit by negative exponential functions. Insets: corresponding violin
plots showing data density distribution, mean (long dash), and inner quartile (short dash). Violin area is proportional to the number of datapoints and
are not normalized.

auxetic properties; Li and Ji, 2021), and regionally some fractures
in Potsdam Sandstone have been linked to near-surface stresses
(Engelder and Sbar, 1976; Engelder and Sbar, 1977).

Outcrop fracture analogs can provide general guidance for
the types and attributes of fractures in reservoirs, but a more
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ambitious aim for analogs is to provide specific guidance on key
parameters like number of fracture sets, length distributions,
and connectivity that cannot be reliably measured using site-
specific subsurface information. If some attributes from the analog
can be matched to data from the subsurface target, the analog
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or smaller than the largest microfractures present.

Sets A — D cumulative frequency versus kinematic aperture. (A) Set A microfractures (MicroFs) from Rt16, BR, and RR, narrow-aperture macro-fractures
in thin section (narrow MFs) from Rt16, and outcrop macro-fractures (MFs) from Rt16, CBL. The interpreted emergent threshold (E.T.) for Set A is
0.1-0.5 mm. Ortega-constant power law extrapolation lines with slope —0.8 are added to predict average spacing of macro-fractures (Ortega et al.,
2006). (B) Set C microfractures (MicroFs) from Rt16, BR, and RR and outcrop macro-fractures (MFs) from Rt16. The interpreted emergent threshold
(E.T.) for Set C is 0.05-0.1 mm. Ortega-constant power law extrapolation lines with slope —0.8 are added to predict average spacing of macro-fractures
(Ortega et al.,, 2006). (C) Set B microfractures from BR and RR have limited aperture-size ranges spanning less than an order of magnitude. (D) Set D
microfracture apertures from Rt16 span just 1.5 orders of magnitude with a limited power law from ~0.01-0.001 mm and a lognormal distribution
below that. (E) Schematic of possible microfracture-macro-fractures relations given observed parallel strike (Figures 9, 12). M, macro-fracture.
Microfractures contain abundant quartz cement (blue) and size-dependent porosity (red). Macro-fractures are mostly porous, containing only thin
cement linings, omitted for clarity. Top: Macro-fractures are larger than the largest microfractures present. Bottom: Macro-fractures are the same size
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attribute predictions can be tested (validated), allowing more
accurate discrete fracture models for the reservoir and improved
decision making. Two attributes from our outcrops are likely
to be sampleable within subsurface targets for this purpose:
diagenesis information and microstructures (microfractures).
In favorable circumstances, these attributes can be obtained
with relatively inexpensive wireline methods (Laubach and Gale,
2006). We explore this question below.
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In using the Altona Flat Rocks outcrops as guides to subsurface
targets, thermal and loading histories need to be considered because
contrasts between the subsurface target and outcrop analog can
lead to differences in fracture openness and other attributes. We
show how these differences can be addressed. The thermal histories
of both our outcrops and potential targets to the southwest are
currently uncertain, but other specific aspects of rock attributes
and fracture set orientations and size scaling can be established as
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Sets A and D fracture spatial analysis using CorrCount (Marrett et al.,, 2018), Rt16. (A—F) Set A fractures. (A) Stickplot of microfracture microscanline
spacing positions (n = 163, 42.15 mm). (B) Stickplot of macro-fracture scanline spacing positions (n = 211, 38.18 m). (C) Microfracture NCC linear plot.
Spacing Cv is 1.37 indicating weak clustering. Highlighted areas mark parts of curve exceeding 95% confidence interval. (D) Macro-fracture NCC linear
plot. Spacing Cv is 0.77 indicating random to anticlustering behavior. (E) Microfracture NCC log plot showing weak clustering. (F) Macro-fracture NCC
log plot shows anticlustering behavior at small distances (<10 cm) with a random arrangement at long distances (>10 cm). (G—K) Set D fractures. (G)
Stickplot of microfracture microscanline spacing positions (n = 80, 44.11 mm). (H) Microfracture NCC log plot. Spacing Cv is 1.15 indicating weak
clustering. (1) Stickplot of macro-fracture scanline spacing positions (n = 57, 40.45 m). (J) Macro-fracture NCC linear plot. Spacing Cv is 0.76 suggesting
anticlustering behavior, especially at scales <10 cm. (K) Macro-fracture NCC log plot shows random spacings at long length scales with anticlustering
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Sets A and D outcrop fracture connectivity, Rt16. (A) Connectivity trace map from handheld LiDAR image (see Figure 10A inset) using IXYC

nodes after Forstner and Laubach (2022). Contingency rules were 1 cm for Set A and 3 cm for Set D (1,3%). Inset: schematic of fracture trace
configurations and node types observed at outcrop. Box 1, en echelon traces designated as I-nodes where contingency rule is not met; Box 2, en
echelon traces designated as C-nodes where contingency rule is met. (B) C-node modified ternary diagram shows relatively high connectivity of Sets A
and D. (C) Connectivity trace map of same area using conventional IXY nodes. (D) Conventional IXY ternary diagram shows lower connectivity.

the basis for eventual comparison with subsurface targets. Next, we
discuss elements of outcrop geology that support this specific use of
outcrop observations.

5.1 Attributes relevant to regional targets
5.1.1 Regional fracture patterns

The relevance of fractures in Potsdam outcrops to distant
(>300 km) geothermal targets depends on whether fracture sets are

Frontiers in Earth Science

part of regional patterns or are of local origins. Aerial imagery
of Flatrocks outcrops shows very long fractures, compatible with
opening-mode fractures tens to hundreds of meters long in other
sedimentary outcrops (Laubach and Diaz-Tushman, 2009; Ellis
etal.,, 2012; Laubach et al.,, 2016; Forstner and Laubach, 2022).
Consistent fracture patterns over widespread regions reflect past
and potentially current stress states, regional-scale stress fields,
and basin-scale variations in pore fluid pressure. In isotropic rock,
opening-mode fractures propagate along the plane perpendicular
to the least compressive principal stress, making them indicators
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of stress orientations at time of fracture. Consistent patterns
resembling those in Potsdam outcrops have been documented
in other rocks in the northeastern United States, e.g., in Upper
Devonian shale outcrops in the Appalachian Plateau over 300 km
in central and western New York (N-NNW and ENE-ESE strikes,
e.g, J1, J2, Engelder et al, 2009), although Devonian rocks
are separated from underlying Paleozoic rocks by a detachment
(Mount, 2014). Similar strike maxima are also found in core from
other lower Paleozoic sandstones in the eastern United States
(Dutton etal., 1993). Potsdam Sets A-D are not obviously associated
with local structures such as folds or faults, and observed close
spacing relative to height (narrow aspect ratios) typifies many
joints in the Appalachian Plateau (Engelder and Geiser, 1980). This
close spacing pattern is interpreted as consistent with hydraulic
fracture at depth (Fischer et al., 1995).

Potsdam Sets A-D have characteristics typical of fractures
extending over tens to hundreds of km? across the Appalachian
basin (Hodgson, 1961; Engelder and Geiser, 1980) and are inferred
to be regionally distributed based on similar patterns from the Flat
Rocks outcrops, Ausable Chasm to the southeast, and outcrops about
190 km to the west northwest (Figure 1, near Hammond, NY). These
widespread patterns suggest that Flat Rocks fracture Sets A and D
especially may be good guides to orientations and abundance over
regional distances (100+km) to the west and south where subsurface
geothermal targets are located. Further investigation of Potsdam
exposures around the margins of the Adirondack uplift and further

north would allow testing of this inference. Regionally consistent
strikes and set populations of this scale are unsurprising. Elsewhere

" in Laurentian Cambrian sandstones fractures have strike patterns

of regional extent, e.g., ~100 km in Flathead Sandstone (Wyoming;

\* * ‘ J Vi . Forstner and Laubach, 2022) and ~200 km in Eriboll Sandstone

f ° l) o 6 = < (Scotland; Laubach and Diaz-Tushman, 2009; Hooker et al., 2011).

s 2 - 4 . As is the case with our Potsdam samples, these other Cambrian
11 } ) t rocks also contain systematic microfracture strike patterns at

regional scale.
Determining the cause of fracture sets is another way to assess
the likelihood of persistent regional patterns. Our observations are

140 not sufficient to pin down when and why Sets A-D formed. Several

1204 d potential regional drivers of fracture formation are compatible with

E 1604 bed-normal opening-mode fracture arrays including combinations

= of strain (which could result from tectonic events) and pore pressure

o 80+ (Hancock, 1985; Pollard and Aydin, 1988), although as low-strain

a 60 features such sets do not necessarily correspond with tectonic events

@ 404 (e.g., Olson et al., 2009). Strike patterns are commonly used to link

. 204 ‘ sets to regional events, e.g., ENE-striking fractures in Devonian

0 \‘\‘1‘1"15‘9“—0 rocks in New York are interpreted to reflect Paleozoic convergence

0 25 50 75 100 125 150 of Gondwana and Laurentia (Engelder et al, 2009), despite
Temperature (°C) some of these fractures aligning with modern Sy, ... Orientation

and kinematic compatibility with potential orogenic movements

;IthUAREﬂZulid inclusions, Rt16. (A) Fluid inclusion plane (microfracture), provide ambiguous fracture dating without independent timing
indicated by black arrows. Partly crossed polars, transmitted light. (B) information. Set A strikes are congruent with Paleozoic shortening
Fluid planes (darker lines) and examples of inclusion sizes and shapes. (i.e., J1) or Jurassic to Cretaceous extension. Likewise, Set D could

Boxed area in A. (C) Fluid inclusions with liquid-vapor ratios (blue
arrows) and damaged inclusions (red arrows). Boxed area in B. (D)
Pressure-Temperature phase diagram showing trapping conditions for KnOWledge of fracture tlmlng relative to both burial hiStory and
fluid inclusions with a salinity of 21 wt% NaCl equivalent that amongst fracture sets themselves can narrow down possible causes
homogenize between 120°C and 129°C. Corrected minimal trapping
conditions indicated by gray shading. If the hydrostatic and thermal

gradient is correct, the temperature correction might be lower. provide relative timing of Sets A-D, defining a sequential orientation

pattern through time (Figures 9, 14). A given Set D fracture may

be due to Paleozoic events (J2) or the modern stress regime.

of fracturing. Crossing and abutting relations at Flat Rocks outcrops
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cross several Set A fractures, but the Set D tips consistently abut
Set A fractures. Rather than coeval formation the prevalence of
these patterns is compatible with Set A being mostly filled at sub-
millimeter-scale when Set D propagated.

Observed sparse, large, and seemingly barren fractures show
that Potsdam outcrops may be overprinted to some extent with
fractures that formed later in the same orientation, possibly during
late uplift or in the near subsurface owing to modern stresses
(Figure 12). Pre-existing partly open fractures are susceptible to
reactivation. Macro-fractures may be unrelated to microfractures
and coincidentally parallel or may have nucleated from pre-existing
microfractures. Alternatively, macro-fractures might represent the
large-size equivalent of microfractures, in which case their relative
openness and homogeneous spacing stand in enigmatic contrast
to their small-scale counterparts. Conversely, macro-fractures can
be the same size or smaller than the largest microfractures present
and again might be unrelated to microfractures and coincidentally
parallel or may have nucleated from older microfractures
(Figure 18E). Possible evidence of this overprinting includes some
minor brecciated fill in Set A fractures (Figure 12D) however, this
could be ex situ sediment because even these seemingly barren
fractures have quartz-cemented tips (Figure 12E) and extremely
thin (c. 2 pm) localized quartz cement lining (Figures 12H, I).
New fractures, if formed at shallow depths (<80°C) would lack
quartz deposits.

If thermal history is known, quartz cement volumes and fluid
inclusion trapping temperatures can constrain fracture timing
(e.g., Becker et al, 2010; Fall et al, 2012). Although lacking a
well-constrained thermal history curve for Potsdam rocks, we
nevertheless can make some inferences regarding timing of Sets
A-D. Regionally some lower Paleozoic rocks may have been as deep
as 6 km at c. 300 Ma but were below 80°C by 110 Ma (Figure 1).
Set A fractures contain quartz deposits typically requiring elevated
temperatures of >80°C to form (e.g., Lander and Laubach, 2015)
and have minimum fluid inclusion assemblage homogenization
temperatures of 120°C-129°C. Given the uncertain burial history,
we lack the pressure history information to calculate true Set A
trapping temperatures, but for high-salinity inclusions pressure
corrections are likely minimal (Figure21D). For a common
geothermal gradient of 25 °C/km our results are compatible with Set
A fracture formation at 3 km depth or more, which is in the depth
range for geothermal prospects in the eastern United States.

The trapping temperatures of Set A could have formed
on a burial trajectory, but subsequent deep burial and quartz
accumulation would likely have filled Set A fractures, as was the case
for early, deeply buried fractures in another Cambrian sandstone
(Laubach and Diaz-Tushman, 2009). Sets A and C are partly open,
but younger Set C fractures, and some possibly overprinted Set
A fractures, contain less quartz (thinner cement rinds) implying
lower thermal exposure, probably during gradual exhumation.
All fractures postdate host rock compaction and cementation, as
well as monoclines and cataclastic bands possibly associated with
Paleozoic deformation. Together, the evidence is compatible with
Sets A — D forming after maximum burial. Persistence of fracture
growth during exhumation has been attributed to unloading and
thermoelastic contraction, especially for quartz-rich rocks with
higher Young's modulus, although the relationships cannot be
rigorously estimated (English and Laubach, 2017).
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5.1.2 Quartz cement and fracture attributes
related to fluid flow

Observations of quartz cement deposits show that at Flat Rocks
most, if not all, Sets A-D sub-vertical fractures formed in the
subsurface and are suitable guides into fracture patterns at depth in
prospective reservoirs. Fractures are either sealed or have small open
apertures in outcrop. Quartz deposits are present in macroscopic
Sets A and C fractures and in parallel microfractures for all sets
(Figures 11, 12, 14, 15). Facet sizes vary with the substrate dimension
(length of cut grain or cement deposit) substrate crystallographic
orientation, or substrate composition (less or no quartz on feldspar
or clay minerals).

Because sets formed sequentially rather than coevally, early
fractures impeded the propagation of later ones and were exposed
to diagenetically reactive fluids for longer and likely hotter time
intervals. Consequently, earlier and later-formed parts of the
network may have differing fluid flow capacities. Although quartz
lined or locally filled, residual porosity shows that the cumulative
thermal exposure experienced by the oldest Set A fractures was
insufficient to seal them. Quartz rinds on Set A and C macro-fracture
walls imply NNW-oriented fractures >0.08 mm wide and NW-
oriented fractures 20.06 mm could be incompletely sealed. These
observations are compatible with the inferred emergent thresholds
of 0.1-0.5mm for Set A and 0.05-0.1 mm for Set C. Overall,
fractures with widths greater than these values are conducive to fluid
flow and likely have higher reactivation potential from geothermal
stimulation due to lack of cement. Persistence of fracture porosity is
compatible with reconstructed porosity histories in other sandstones
showing that quartz-lined fractures remain open at temperatures of
>150°C for tens of millions of years (Becker et al., 2010) and with
models of quartz accumulation in fractures (Lander and Laubach,
2015). Fracture and host-rock diagenesis make such fractures stiff
and resistant to closure (Olson et al., 2007; Laubach et al., 2016), a
useful attribute for flow persistence in geothermal applications.

Extensive quartz in fractures and host rock, and the lack of
evidence for flow in Set A fractures from local flow tests (e.g.,
Hawkins et al., 2017), imply that the fractures visible in outcrop
are not prolific flow conduits. Yet these mostly sealed fractures
may still be useful analogs for open fractures elsewhere with less
thermal exposure because the degree of quartz fill, and the size
of open fractures in terms of aperture and length, will depend
on thermal exposure in predictable ways (Lander and Laubach,
2015). Quartz textures are consistent with models for gradual
quartz accumulation governed by precipitation rate dictated by
temperature (Lander and Laubach, 2015). In these settings, narrow
fractures seal first. Consequently, microfractures are completely
cemented and narrow connections within and among fractures of
otherwise interconnected networks are also preferentially sealed
with cement. Older fractures will be more sealed than younger
fractures, in agreement with our observations from Flat Rocks
samples. Thus, areas that have slightly less thermal exposure than
the Altona area outcrops would be expected to have proportionally
more open fracture pore space.

For geothermal applications, Potsdam outcrop results predict
low well-test permeabilities owing to quartz disconnecting open
fractures, but stimulation of the closely spaced microfractures
and partly open fractures could yield high surface area for
heat exchange. In other similar sandstones, microfractures are
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associated with strength anisotropy and induced fracture opening
preferentially aligns with natural fracture strikes and the maximum
horizontal stress (Clift et al., 1992). The Potsdam sandstone as a
building stone already utilizes this breakage susceptibility creating
naturally rectangular blocks and is thus a good candidate for either
advanced or enhanced geothermal applications capitalizing on the
natural fractures.

5.2 Using microfracture scaling to assess
open fracture average spacing and length

Outcrops having similar rock types and structures are
self-evidently valuable for assessing geothermal targets (e.g.,
Peacock et al., 2022), although for the purpose of making specific
predictions about the subsurface, additional parameters are required
to infer the presence and geometry of open fractures, fracture
porosity, connectivity, or susceptibility to closure (stiffness).
Essential from the outcrop is evidence that structures formed or
existed in the subsurface, a finding best made by comparing fracture
diagenesis and microfracture populations (Ukar et al., 2019). For
rigorous comparison, key attributes must be measurable in both
outcrop analog and subsurface target, for example, via core samples.

Abundance is characterized by intensity (cumulative frequency)
or average spacing (inverse of cumulative frequency). Cumulative
frequency-aperture size distributions obviate scale bias in intensity
or spacing determinations because they are a measure of abundance
that explicitly varies according to size, allowing for comparison of
data sets collected at different scales of observation. The challenges of
sampling and interpreting power law distributions are discussed by
Pickering et al. (1995). For most data sets, sizes at the large-scale end
of the distribution are generally poorly constrained and are subject
to censoring, with deviation up or down from best-fit line. The small
end of the distribution likely has truncation artifacts owing to missed
or unresolved small fractures. If long scanlines and large amounts of
data are available, calculation of intensity or average spacing of small
fractures is more reliable (Ortega et al., 2006).

Within the 0.0001-0.001 mm aperture size range, Rt16 has
nearly an order of magnitude more Set A microfractures than RR
(Figure 18A), even though these locations are only 1 km apart, at
close to the same stratigraphic level with no major differences in
rock type, and no known structures in between. The difference may,
however, be due to subtle differences in rock type. The co-occurrence
of low intensity and lognormal best fit among Set A microfractures
from RR is consistent with that population representing the
fracture distribution during early evolution, while the power
law size distribution exhibited at Rtl6 exemplifies continued
fracturing over time as larger fractures dynamically interact with
existing smaller fractures (Hooker et al.,, 2018) (Figure 18E). Even
where microfractures show a good fit to the predicted —0.8
slope, they tend to overpredict the macro-fracture frequency
observed in outcrops. This could mean that microfractures are
clustering near macro-fractures, and so our (near-macro-fracture)
microfracture samples are overpredicting the far-field macro-
fractures frequency. Outcrop microfracture populations predict
close spacing of large (>1 mm) fractures (Figures 18A, C), agreeing
with outcrop observations (Table 3). If rocks in target horizons
contain microstructures, rigorous comparison is possible of fracture
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intensity between analog and subsurface targets. The dense spacing
patterns we describe are compatible with high surface area for
heat exchange.

For a power law size distribution like our examples, the
largest fractures are least common in a fractured volume of rock,
yet these are the structures of interest for reservoir simulation.
The significance of quartz-sealed microfractures in a power law
population is that they can potentially be used to assess the
abundance and spacing of large fractures in settings like subsurface
geothermal targets where systematically measuring abundance
of large fractures is precluded by inherent sampling limitations
(Laubach et al., 2000). Our outcrop results suggest that the likely size
of subsurface samples (~5-10 cm) may be too short to rigorously
define aperture size distributions, but with the assumption of a —0.8
slope that is common in many sandstones (Hooker et al., 2014), even
limited microfracture data can be used to infer the abundance and
average spacing of larger fractures.

Overall, the 1D spatial analyses for both Sets A and
D show anticlustered (regular or periodic) arrangements of
fractures, distinguished with 95% confidence at small distances
(~10 cm), while the 2D analysis for Set A reveals a random
arrangement of fracture barycenters, likely reflecting the initial
random distribution of starter flaws for fracture nucleation
(Correa et al., 2022; see Supplementary Figure S2). In this scenario,
the lack of organization indicates sporadic activation of flaws with
no mechanical interaction during early fracturing. Mechanical
interaction and inhibition of new fractures would have begun
through expanding stress shadows as fractures continued growing,
creating the observed non-random anticlustering pattern along 1D
scanlines. The resulting mechanical interactions among growing
fractures also promoted the development of longer fracture traces
at regular distances (>9 m) and eventual hard linkage causing
variability in strike at certain length scales.

Fracture height is a parameter that is challenging to measure
in the subsurface. Extensive core data sets show that top-bounded
height patterns are common in the subsurface (Laubach et al., 2009).
Shorter fractures in a top-bounded pattern end at various locations
within a sandstone whereas longer fractures are bound by bedding
contacts, i.e., fractures have a range of heights while confined within
a given rock type (Hooker et el., 2013). This pattern was observed
in the river-cut Potsdam outcrops at Ausable Chasm (Figure 16B)
where heights are best exposed. For Sets A and D, average spacing is
narrow relative to heights (Figures 9, 16, 17E). Overall, these results
suggest that top-bounded height patterns are likely to prevail in
subsurface targets.

Fracture length is a key parameter for flow models (e.g., Einstein,
1993; Philip et al.,, 2005; de Dreuzy et al.,, 2012; Cafiamon et al.,
2022) but determining the correct distribution from outcrop data
for modeling has challenges (e.g., Cladouhos and Marrett, 1996;
Forstner et al., 2025; Benedetti et al., 2024). Lower resolution
imagery results in traces that likely commingle multiple parallel
and neighboring fractures and may inherently employ a type of
contingent rule. For example, the drone imagery used here cannot
resolve features <10 cm apart. Therefore, two neighboring parallel
fractures with traces and/or tips occurring <10 cm apart will more
than likely be mapped as a single trace. Fracture length distributions
best fit by exponential functions are characterized by a high
frequency of short fractures and a low frequency of longer fractures.
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It is difficult to predict the frequency of fracture lengths from small
to large with exponential distributions because the trendline slope
changes. However, if power laws are used to bracket the lower and
upper bounds of the exponential length distributions, one could
use length measurements from the microscopic scale to predict the
frequency of lengths at larger scales of observation (Forstner et al.,
2025, their Figures 8A, 9A). Error bars, of course, increase the
further out one predicts.

Fracture sets formed by combinations of tectonic loading and
elevated fluid pressure may share common attributes of orientation
and abundance over wide areas, aiding extrapolation from outcrop
to subsurface. But the distribution of open fractures—and therefore
the capacity for fracture-augmented heat exchange and fluid
flow—can vary markedly owing to the accumulation of cement
deposits that reflect differences in thermal history (e.g., Lander and
Laubach, 2015). In sandstone, empirical evidence and modeling
show that quartz tends to systematically and gradually fill narrow
fractures first (Laubach, 2003; Lander and Laubach, 2015), thus the
actual open length of fractures is likely to decrease as quartz cement
increases with more thermal exposure (Forstner et al., 2025). Owing
to the segmented character of Potsdam fracture lengths, where
traces are connected by zones of narrow apertures, the sizes of open
fractures (effective fractures) are much less than the traces lengths
measurable on the outcrop. Thus, the outcrop measured trace
length distributions (Figure 17) are likely maximum values. The
appropriate values to extrapolate to a given subsurface setting would
depend on the thermal history of that setting. In other words, if the
subsurface target were to contain the same fracture set that exists in
the outcrop (for instance, Set A), the open length distribution would
need to be adjusted down from the measured trace pattern according
to the diagenetic/thermal history of the target. Such an extrapolation
can be made using standard burial history analysis practices and
diagenetic modeling (e.g., Taylor et al., 2022).

Analogs that are hundreds of kilometers from subsurface targets
are unlikely to be exact matches to subsurface targets, but even if only
limited rock information is available from the target, diagenetic and
microstructural information (orientations, size scaling) can be used
to evaluate how close the analog resembles the target. Mismatches
between analog and target arise because outcrops and rocks at depth
differ in thermal history, and open fracture length and aperture
distribution, connectivity, and spacing gradually change with the
temperature-history-dependent accumulation of mineral deposits
(Hooker et al., 2023a). Consequently, outcrop data collection needs
to focus on the size distribution of fractures and the sizes of
connections between fractures (Forstner and Laubach, 2022). If the
thermal history of the subsurface target can be inferred, fracture size
data from the outcrop can be used together with diagenesis forward
models (Lander and Laubach, 2015; Taylor et al., 2022) to predict
the abundance of open fractures and open fracture connectivity in
subsurface locations.

5.3 Other reservoir analog features

5.3.1 Host rock

Similar rock types and structures are requisite for analogs.
Owing to Paleozoic marine transgression over the paleocontinent
correlative and similar  Cambrian

Laurentia, lithologically

Frontiers in Earth Science

10.3389/feart.2025.1545052

sandstones extend across North America (Lochman-Balk and
Wilson, 1958), where they are commonly the deepest and hottest
sedimentary units. Cambrian sandstones are geothermal prospects
in Saskatchewan (Somma et al, 2021) and New York, where
targets include the Potsdam and Galway Formations (e.g., Auburn
well, Plumb and Hickman, 1985; Cornell well; Jordan et al.,
2020; Fulcher et al., 2023; Pinilla et al.,, 2023) (Figure 1). Some
stratigraphically higher sandstones, including some in the Galway
Formation (Mazzullo et al., 1978; Hersi et al., 2021), have similar
depositional settings and composition to the Potsdam, but are
not as well exposed. Extrapolation from our outcrop to a specific
target would involve quantitative comparison of thermal/diagenetic
history because this is a main control on quartz accumulation
in host rocks and fractures (e.g., Lander and Walderhaug, 1999;
Lander and Laubach, 2015). Differences in diagenetic history can
be evaluated with minimal samples because host rock diagenesis
is readily and reliably sampled (e.g., sidewall cores, Laubach and
Gale, 2006; Gale et al., 2023).

In sandstones, core data show a correlation between depositional
facies and fracture stratigraphy (Dutton et al, 1993). Because
sandstone composition and layer thickness influence fracture
attributes as well as host rock porosity and permeability,
stratigraphic similarities and differences are important for
judging analogs. The Potsdam Group has been called a blanket
marine sandstone (e.g., Wilson, 1946) but lower Potsdam facies
likely comprise interfingering of sand-rich shoreline (marine)
environments and fluvial deposits (Bjerstedt and Erickson, 1989)
and there is potential for considerable local relief on sub-Cambrian
topography (Otvos, 1966). The fracture stratigraphy associated
with the facies in our outcrop is likely relevant for compositionally
similar sandstones elsewhere including parts of the stratigraphically
higher Galway Formation (Mazzullo et al., 1978; Fulcher et al,
2023), but careful assessment is needed of the stratigraphic and
diagenetic characteristics of the target. A separate manuscript
detailing Potsdam fracture outcrop characteristics compared to
retrieved Potsdam sandstone and Galway Fm sidewall cores is in
preparation.

Attributes of host sandstones are essential to understanding
how fractures affect fluid flow because flow in the host rock is
a component of overall permeability. Outcrop Schmidt Hammer
data show a strong, brittle rock and our observations show that
quartz cement is extensive in the outcrop sandstone and is likely
to interrupt porosity continuity in fractures. Where open fractures
do not physically interconnect, disconnected open fractures may
nevertheless markedly augment overall permeability if they are
connected by narrow soft links of porous sandstone (Olson et al.,
2009). The porosity of host sandstone in the subsurface is a key
element in predicting how the fracture-host rock permeability
system is likely to work, and this is an aspect of fluid flow that can
be accounted for in current flow modeling (Olson et al., 2007; 2009;
2010; Lander et al., 2008; Sweeney et al., 2023; Huang et al., 2024).

In Flat Rocks outcrops, primary porosity of <1% due to
compaction and quartz and K-feldspar cementation, and total
porosity of c. 5% from secondary processes, is low compared
with as much as 12% reported for Paleozoic sandstones in central
and western New York (Pferd, 1981). However, local variations in
Potsdam Sandstone porosity controlled by paleotopography of the
Precambrian surface have been documented (Lombard, 1983). In
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our outcrops, high quartz cement amounts likely reflect protracted
or deep Paleozoic burial of as much as 6.5km under younger
strata and by Paleozoic thrust sheets (Figure 1) (Friedman and
Sanders, 1982). To the extent this inferred deep burial is specific
to rocks near and beneath the overthrust belt in eastern New
York, the outcrops likely overestimate quartz abundance relative
to less deeply buried rocks further west but are a useful starting
point for calibrating porosity/permeability predictions using site-
specific thermal histories and appropriate process-based models
(Lander et al., 2008; Taylor et al., 2022).

5.3.2 Monoclines and cataclastic bands

The isolated character and kink-like geometry of monoclines
implies marked bed-parallel mechanical layer contrast and potential
for bed-parallel slip during fold formation (Hardy and Finch,
2007), indicating these structures formed prior to extensive quartz
cementation that now pervasively indurates the sandstone. West
and northwest-vergent folds are kinematically compatible with
shortening in nearby Paleozoic orogenic belts. Our outcrops are
within 25 km of Paleozoic thrust fronts (Figure 1), and folds may be
localized near the thrust front. The likelihood that these structures
occur further west and south is uncertain. On the other hand, subtle
N- and NE-trending fold- and fault zones of considerable lateral
extent, such as the Clarendon-Linden Fault Zone, are found further
west (Jacobi and Fountain, 2002) (Figure 1).

Within monoclines, tabular, resistant structures have the
field characteristics of deformation bands (Fossen et al., 2018),
with microstructures dominated by cataclasis and damage zones
(Figure 7A). The abnormally large width of the largest band
observed within the BR fold suggests that it is a band cluster where
strands have progressively coalesced over time to accommodate
strain (e.g., Ballas et al., 2012). Early quartz cement (Qc1) surrounds
and rims broken particles in bands, but is itself unfractured,
suggesting these structures formed early with deformation ceasing
before the host rock became indurated with cements. Crosscutting
relations show that monoclines and cataclastic bands pre-date
fracture Sets A-D. Asymmetric iron staining suggests bands formed
prior to flows depositing these minerals (Figure 6A).

Cataclastic bands localize pyrite, iron-rich chlorite, and
blocky crystals of phosphatic iron oxides (Figures7I,]) that
imply temperatures and fluid compositions of hydrothermal
origin. Chlorite typically forms >200°C (Bentabol et al., 2003).
Their localization near band margins suggests these deposits
postdate band formation, possibly localized by lower porosity and
permeability in bands versus the host rock at the time. Hydrothermal
activity is associated with Paleozoic faulting (Smith, 2006).

Folds and deformation bands are structures that could affect
reservoir behavior. Monoclines and associated variation in bed
dip are considerations for directional drilling and stimulation
design. Cataclastic deformation bands are also commonly baffles or
barriers to fluid flow in sedimentary rocks (Ogilvie et al., 2001).
However, differences here between deformation bands and the
highly cemented Potsdam Sandstone are muted relative to overall
high strength (avg. 65.5 MPa rock; 76.5 MPa band) and low porosity
(avg < 5% rock; avg 4.9% band). If bands exist elsewhere, where
host sandstones are less diagenetically altered, the contrast between
bands and host may be greater as is the case for deformation bands
in more porous sandstones (e.g., Ogilvie et al., 2001; Fossen et al.,
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2018). Iron stain patterns suggest Potsdam bands were flow barriers
in the past. If folds and bands are of regional extent and they exist
in less quartz-cemented hosts, their significance could be as low
porosity flow barriers or baffles. Monocline size and separation
(~0.2-0.5 km), dip changes, the prevalence of bands within fold
limbs, locally wide bands (c. 100 mm), and mechanical property
contrast with host rocks suggest narrow monocline steep limbs
and bands may be identifiable with high-frequency geophysical
methods (e.g., Ogali and Orodu, 2022). Band distributions can be
incorporated into models by using measured values in exposed areas
and a randomized spatial bootstrap approach to generate locations
of bands in models or in covered areas, as we demonstrate for our
outcrop example (Shakiba et al., 2022) (Figure 6C).

5.3.3 Bed parallel fractures

Regionally in Potsdam sandstone, bed-parallel fractures are
essential flow conduits (Nastev et al., 2008). Shallow wells in the
Flat Rocks area show that in the shallow subsurface gently dipping
fractures extend laterally over tens of meters at least, where they
are conduits for fluid flow (Castagna et al., 2011; Williams et al.,
2010b; Hawkins et al., 2017), compatible with regional hydrologic
evidence for these structures (Williams et al., 2010a). At Flat Rocks,
well tests show that subvertical fractures are relatively ineffective
(e.g., Williams et al., 2010a; b; Castagna et al., 2011; Hawkins et al,,
2017). Bed parallel fractures and vugs we found in outcrop are
likely representative of this flow system, which is mostly attested for
shallow groundwater flow.

Regionally, deep bed parallel fractures are associated with gas
generation in shales (Engelder and Gross, 2018), and in some
basement rocks in outcrop (Nadan and Engelder, 2009), but the
bed parallel fractures and associated vugs in our outcrops are not
necessarily features that exist at depth. The lack of quartz deposits
in our samples suggests fractures formed in a cool (<80°C) possibly
near-surface setting. If such fractures had resided long at elevated
temperatures, mineral deposits like those in Sets A and C would
be expected. Abutting relations suggest that outcrop bed parallel
fractures formed after Set D. This relative timing is compatible
with bed parallel fractures forming during uplift and/or post-
glacial unloading in the contractional tectonic setting that persists
currently across the basin (Snee and Zoback, 2022). The bed parallel
fractures may be a form of sheeting joint (Martel, 2017). Vugs along
bedding are late features apparently spatially associated with bed
parallel fractures. Quartz-cemented sandstone is not highly soluble,
but surface-related bioweathering is a possible cause (Potysz and
Bartz, 2022).

Our results do not rule out a role for bed-parallel fractures for
flow at greater depth elsewhere. Such fractures are common at depth
in some rocks and could form in foreland and mid-plate shortening
settings like those affecting the Potsdam Group.

5.4 General lessons from these outcrops

How representative are Flat Rocks outcrops for other parts of the
regional sedimentary section? Potsdam Group sandstone outcrops
sample only a limited part of the lower Paleozoic siliciclastic
stratigraphic section, but they may provide adequate analogs
for other, younger sandstones such as the conformable Galway
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Formation, as these rocks share similar thermal histories and
modern-day petrophysical properties.

The Potsdam Flat Rocks exposures provide general guidance
on fractures in other quartz-rich lower Paleozoic sandstones
throughout the eastern and central United States because of the
brittle, fracture prone character of these rocks. The Potsdam fracture
quartz deposits, size distributions, and spatial arrangements closely
resemble regionally persistent patterns with high fracture surface
area in other Cambrian sandstones of Laurentia including the Meson
Group of Argentina (Hooker et al., 2013), the Flathead Formation
sandstone of Wyoming (Forstner and Laubach, 2022), and the
Eriboll Formation sandstone of northwestern Scotland (Laubach
and Diaz-Tushman, 2009; Hooker et al., 2011).

On the other hand, fracture sets within the Potsdam outcrop, and
more broadly within Cambrian sandstones of Laurentia, vary in the
degree of porosity and connectivity preserved depending primarily
on quartz deposits which reflect thermal histories. Generally, older
fractures have experienced longer thermal exposures and thus
more time for cements to fill wider fractures, whereas younger
fractures can have less thermal exposure (either lower temperature
or less time at higher temperatures) allowing smaller fractures to
retain porosity. For example, in the Flathead sandstone, with short
duration but deep burial, some microfractures preserve porosity
where opening displacements are mere microns, whereas some
wide macro-fractures in the Mesén and Eriboll are sealed due to
protracted deep burial. Similar patterns are found in sandstone core
data sets (Laubach et al., 2023). Thus, despite the likely general
similarities in structural style regarding fracture sets and abundance
of the Potsdam Flat Rocks exposures to other subsurface lower
Paleozoic sandstones, differences in fracture attributes like openness
to fluid flow necessitates tailoring subsurface predictions to the
specific subsurface target, particularly in terms of thermal history.

If some of Sets A-D fracture strike patterns persist over
hundreds of km? knowledge of the specific loading and fluid
pressure pathway for each set may not be needed to make general
predictions about orientation patterns away from our area of study.
However, orientation may remain constant while many attributes
that control fluid flow and strength, such as openness, spacing, and
connectivity can vary as these are affected by the diagenesis of the
fracture network and need to be accounted for.

6 Conclusion

Cambrian Potsdam Group sandstone outcrop analogs provide
essential information about likely fracture attributes in geothermal
targets, such as spacing of open fractures and their porosity,
connectivity, or susceptibility to closure (stiffness). Outcrops
near Altona are large, comparable to likely geothermal interwell
development distances, and contain open monoclines with
cataclastic deformation bands, four sets of subvertical opening-
mode fractures (A-D) with broad aperture size ranges including
microfractures, and barren bed-parallel joints. Based on fluid
inclusion evidence, opening-mode fracture sets formed at about
3km depth after max burial, possibly during the mid-to late
Cretaceous.

Compared with similar fracture sets elsewhere, Sets A-D are
typical of regional fractures with patterns that are likely to persist
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over tens to hundreds of km?. Fractures sequentially young from
Set A>D and strikes shift from NNW, NE, NW, ENE. Sets A and
C contain quartz, local quartz-lined porosity, and populations of
quartz-filled microfractures. Sets B and D fractures have quartz
deposits in associated microfractures. Sets A and D have broad
size ranges. Set A microfracture aperture scaling fits a power law
with slope —0.8 for up to about 0.15 mm, compatible with observed
close spacing of wide Set A fractures of 0.1-0.2 m. Microfractures
for other sets have lognormal distributions. Similar quartz-lined
porosity in fractures of about 0.05-0.1 mm wide in other rocks
has been shown to lasts for millions of years despite protracted
burial and to be associated with high fracture stiffness (resistance
to closure). Set A and D microfractures are weakly clustered,
while macro-fractures commonly have 1D anticlustered (regular
or periodic) arrangements at shorter length scales (<0.2 m). These
spatial attributes are compatible with high surface area for heat
exchange after stimulation. We infer that Sets A-D are likely to
manifest in the subsurface over comparable distance to the west
and south, probably with variations in strike, prominence of sets,
and abundance. If some attributes from the analog can be matched
to data from the subsurface target, the analog attribute predictions
can be tested (validated), allowing more accurate discrete fracture
models for the reservoir and improved decision making. Two
attributes from our outcrops are likely to be sampleable within
subsurface targets for this purpose: diagenesis information and
microstructures (microfractures).

Owing to generally low host-rock permeability, naturally
occurring fractures are valuable reservoir elements in lower
Paleozoic low enthalpy geothermal targets in North America,
especially if they increase surface area for heat exchange and
augment fluid flow. Consequently, fracture information is
invaluable. Quartz cement deposits—evidence of diagenesis—are
the key to identifying the attributes of outcrop fractures suitable
for extrapolating to geothermal targets in sandstones because
they show which fractures formed in the subsurface and how
fracture attributes are likely to vary with thermal history. Quartz
deposits together with comparisons of outcrop and geothermal
target temperature histories show how key fracture attributes like
abundance, aperture and length distributions, and connectivity
need to be modified (increased or decreased) from outcrop to
target allowing for accurate site-specific predictions. Diagenesis
information in the form of cement amounts, relative timing, and
quartz-filled microfracture populations allow predictions to be
tested with limited and relatively inexpensive subsurface sampling.
With calibration from diagenetic and microstructural data from
core, such outcrops allow quantitative extrapolation of fracture
abundance (average spacing) and orientation patterns.

Sandstone diagenesis is a useful metric for judging the suitability
of sandstone outcrops as analogs for subsurface geothermal targets
and as a tool for interpreting and modifying outcrop data to
match the subsurface for accurate reservoir simulation. Points
of comparison are rock type and structural setting as well
as quartz cement amounts, sandstone porosity, microstructures,
and rock mechanical properties. Potentially valuable structural
markers include quartz-filled microfractures, which may provide
measures of macroscopic fracture orientations and abundance
even from small subsurface samples, and degree of quartz fill in
fractures having apertures of about 0.05-0.1 mm which can inform
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assessment of network connectivity and discrete fracture models for
decision making.
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