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Abstract 
The optimization of subsurface hydrogen generation requires addressing fundamental heat transport limitations that constrain water-rock 

reactions. Here we present experimental validation of the Supracrystalline Phonon-Aligned Reaction Corridor (SPARC) framework, which 

demonstrates that crystallographic fabric alignment at mesoscopic scales (10  to 10 Į m) creates preferential thermal pathways that significantly 

enhance hydrogen yields from both serpentinization and radiolytic processes. 

Using our proprietary nitrogen hybrid nanofoam system (95% N  with 0.6-0.8% vol Al O  and 0.3-0.5% vol SiO  nanoparticles), we established 

aligned fracture networks in olivine-rich cores that exhibited remarkable thermal anisotropy. Laboratory measurements confirmed directional 

thermal conductivity of 30.5 ± 1.2 W/m·K along SPARC-aligned corridorsðover three times higher than perpendicular orientations (9.8 ± 0.5 

W/m·K) and conventional systems (10-11 W/m·K). High-resolution characterization revealed extended phonon coherence lengths of 

approximately 50 nm in aligned systems compared to <1 nm in isotropic matrices. 

Flow-through experiments conducted at 200°C and 100 bar over 60 days demonstrated that SPARC-treated samples maintained stable fracture 

apertures (88% retention) while producing 78% more hydrogen than controls (32 mmol/kg vs. 18 mmol/kg). The reaction front propagation 

speed increased by 63% in structurally aligned domains, correlating directly with enhanced hydrogen yields. When CO  was introduced, 

methane generation increased nearly six-fold in SPARC systems (170 ɛmol/kg vs. 30 ɛmol/kg in controls), indicating improved catalytic 

conversion efficiency. 

Our comprehensive characterization program employed electron backscatter diffraction, micro-computed tomography, laser flash analysis, time-

domain thermoreflectance, and continuous monitoring of fluid chemistry to establish the relationship between structural alignment, thermal 

transport, and reaction productivity. These findings demonstrate that the SPARC approach successfully transforms conventional thermal barriers 

into conductive channels that guide heat directly to reaction sites, overcoming the self-limiting nature of serpentinization reactions. 

 

This engineered enhancement of hydrogen production efficiency has significant implications for geothermal energy extraction, subsurface 

hydrogen resource development, and carbon mineralization technologies, providing a scalable approach to accelerate the deployment of 

geological hydrogen as a clean energy carrier. 
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1. Introduction  
Hydrogen generation in the lithosphere occurs through several 

well-documented mechanisms, primarily serpentinization and 

radiolysis. Serpentinization involves the hydration and alteration of 

ferromagnesian minerals (chiefly olivine [(Mg,Fe) SiO ] and 

pyroxenes) to form serpentine-group minerals, along with 

magnetite, brucite, and molecular hydrogen.  

The reaction involves oxidation of FeĮ  to Feį , with the canonical 

reaction proceeding as: 

(Mg,Fe) SiO  + H O Ÿ Mg Si O (OH)  + Fe O  + H 

This process is exothermic, releasing approximately 300 kJ/mol of 

heat. Radiolysis presents a complementary hydrogen source, 

wherein radioactive decay of U, Th, and K in crustal rocks 

produces ionizing radiation that dissociates water molecules, 

generating H  and oxidants. While serpentinization requires 

elevated temperatures (optimal at 200-350°C) for appreciable rates, 

radiolysis operates across a broader temperature range but typically 

yields lower H  fluxes. 

Despite the abundance of ultramafic rocks in Earth's crust, 

commercial exploitation of these natural hydrogen sources faces 

significant technical challenges. Laboratory studies demonstrate 

that serpentinization rates are highly temperature-dependent, with 

H  yields at 100ÁC reaching only ~0.47 mmol/kg after three 

months compared to approximately 360 mmol/kg at 315°C under 

optimal conditions. This stark difference reflects both reaction 

kinetics and heat transfer limitations. 

The primary constraint on sustained hydrogen production is the 

self-limiting nature of serpentinization reactions. As olivine 

converts to serpentine, several inhibitory factors emerge: (1) 

serpentine minerals exhibit low thermal conductivity (2.4 W/m·K 

at ambient conditions, decreasing to 1.6 W/m·K at elevated 

temperatures) with extremely short phonon mean free paths (~0.2-

0.3 nm), creating thermal barriers around reaction sites; (2) 

volumetric expansion (~40%) during serpentinization closes fluid 

pathways; and (3) reaction products coat fresh mineral surfaces, 

limiting water access. Conventional enhancement approachesð

including hydraulic fracturing, heated fluid injection, and chemical 

stimulationðhave shown limited effectiveness due to their 

inability to address the fundamental thermal and structural 

constraints of these systems. 

Radiolytic hydrogen production faces similar challenges, as the 

interaction of radioactive decay particles with water requires 
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efficient removal of radiolysis products to prevent recombination. 

In low-permeability systems, radiolytic H  accumulation is limited 

by the availability of water-filled pore space proximal to 

radioelement-bearing minerals and the diffusive transport of 

reaction products. 

At Nanogeios Technologies, we have developed the 

Supracrystalline Phonon-Aligned Reaction Corridor (SPARC) 

framework  to address these fundamental limitations. The SPARC 

concept represents a paradigm shift from treating rocks as isotropic 

media to engineering directional thermal pathways that exploit 

crystallographic anisotropy. This approach establishes mesoscale 

(10  to 10 Į m) structural continuity that extends beyond 

individual grain boundaries, guiding phonon-mediated heat 

transport to sustain optimal reaction conditions. 

The framework builds upon three interconnected principles: 

1. Crystallographic and supracrystalline orientation governs 

phonon-mediated heat propagation, creating directional 

thermal fields that can be engineered to focus energy 

along specific pathways. 

2. Anisotropic heat channeling produces self-organizing 

reaction hotspots where fluid-mineral interactions are 

localized, intensified, and sustained over extended 

periods. 

3. Fracture apertures and reactive surfaces align with 

thermal corridors, maintaining fluid accessibility while 

enabling coherent phonon transport. 

To implement this concept, we have developed a nitrogen hybrid 

nanofoam system consisting of N  gas carrying dispersed 

nanoparticles. When injected into rock fractures, this foam creates 

a percolating network of solid nanoparticles that form continuous 

phonon conduction pathways across otherwise insulating void 

spaces. This transforms fractures from thermal barriers into 

thermal conduits, fundamentally altering the heat distribution 

dynamics of the system. 

The present study aims to experimentally validate the SPARC 

framework through comprehensive laboratory testing and 

characterization. Our specific objectives were to: 

1. Quantify the magnitude of thermal anisotropy achievable 

through SPARC implementation in ultramafic rocks 

2. Characterize the nano-to-microscale structural features 

responsible for enhanced phonon transport 

3. Measure hydrogen and methane generation rates under 

controlled flow-through conditions 

4. Develop a predictive model integrating crystallographic 

structure, thermal transport, and reaction kinetics 

Through systematic comparison of SPARC-treated samples with 

isotropic controls under identical conditions, we isolate the specific 

contribution of structural alignment to hydrogen production. By 

addressing both serpentinization and radiolysis mechanisms, our 

approach provides a unified framework for understanding and 

enhancing subsurface hydrogen generation that has significant 

implications for clean energy production, carbon sequestration, and 

geothermal system optimization. 

 

2. Theoretical Framework 
2.1 Crystallographic and Supracrystalline Structural 

Organization 

The structural organization of minerals extends across multiple 

spatial scales, creating hierarchical systems that govern thermal, 

mechanical, and chemical properties. At the atomic level, 

crystallographic planes determine intrinsic anisotropy in minerals 

such as olivine, pyroxene, and serpentine. This atomic-scale 

architecture dictates differential reactivity, mechanical cleavage, 

and anisotropic thermal conduction through variations in bond 

density and atomic spacing. 

In olivine ((Mg,Fe) SiO ), which belongs to the orthorhombic 

crystal system, the thermal conductivity tensor exhibits directional 

dependence, with values along the primary crystallographic axes 

(a, b, c) differing by factors of 1.5-2.0. At ambient conditions, 

reported thermal conductivities for forsteritic olivine are 

approximately ə  å 5.0, ə  å 3.5, and əc å 6.0 WĿm ĭĿK ĭ, with the 

c-axis typically exhibiting the highest conduction efficiency.  

This anisotropy derives from the arrangement of isolated SiO 

tetrahedra within the crystal structure, which creates preferential 

pathways for phonon propagation. 

 

Table 1: Thermal Anisotropy Comparison Between SPARC and Conventional Systems 

Material System Thermal Conductivity Along 

Primary Axis (W/m·K) 

Thermal Conductivity Perpendicular to 

Primary Axis (W/m·K) 

Anisotropy 

Ratio 

Phonon Mean Free 

Path (nm) 

SPARC-Treated 

Olivine 

30.5 ± 1.2 9.8 ± 0.5 3.1 50 ± 10 

Untreated Olivine 5.0 - 6.0 4.5 - 5.0 1.2 5 - 8 

Serpentinized Zone 2.4 2.0 1.2 0.3 ± 0.1 

Water-Filled 

Fracture 

0.6 0.6 1.0 N/A 

SPARC Nanofoam 

Bridge 

30.5 ± 1.2 30.5 ± 1.2 1.0 40 - 60 

 

At the mesoscopic scale (10  to 10 Į m), we define 

"supracrystalline fabric" as the hierarchical spatial continuation of 

lattice structure that extends anisotropy beyond individual grains 

into a collective thermostructural identity. This fabric manifests 

through several mechanisms: 

1. Crystallographic Preferred Orientation (CPO): 

Alignment of crystallographic axes across multiple 

grains, typically resulting from deformation, 

metamorphic recrystallization, or directed crystal growth. 

CPO in olivine-rich rocks often shows alignment of a-

axes parallel to flow direction, creating anisotropic 

domains that can span centimeters to meters. 

2. Shape Preferred Orientation (SPO): Geometric 

alignment of non-equant grains that, even in the absence 

of crystallographic alignment, creates structural 

anisotropy that influences bulk thermal and mechanical 

properties. 

3. Boundary Network Topology: The spatial arrangement 

of grain boundaries, microfractures, and phase interfaces 

creates interconnected pathways that may align 

preferentially due to stress fields or growth mechanisms. 

4. Hierarchical Scaling: Repetition of similar structural 

motifs across multiple length scales, creating self-similar 

patterns that can facilitate coherent energy transport over 

distances far exceeding individual grain dimensions. 

In untreated polycrystalline aggregates, these structural features 

typically exhibit randomization that averages out individual grain 

anisotropy, resulting in near-isotropic bulk behavior. However, 

tectonic deformation, directed mineral growth, or engineered 

treatment can produce strongly aligned fabrics with bulk 

anisotropy approaching that of single crystals. 
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Table 1: Supracrystalline Fabric Types and Their Properties  

Fabric Type Scale 

Range 

Formation Mechanism Thermal Conductivity 

Impact 

Occurrence in SPARC 

Systems 

Crystallographic Preferred 

Orientation (CPO) 

10-10 Į 

m 

Directed crystal growth, 

deformation 

1.5-2.5× enhancement along 

preferred axis 

Primary structural element in 

corridor walls 

Shape Preferred Orientation 

(SPO) 

10-10 Į 

m 

Mechanical alignment, stress 

fields 

1.2-1.8× enhancement along 

elongation 

Secondary contributor in 

matrix regions 

Boundary Network Topology 10-10 į 

m 

Interface alignment, 

microfracture networks 

Creates connected thermal 

pathways 

Forms branching structure 

from main corridor 

Hierarchical Scaling 10-10 ĭ 

m 

Self-similar patterns across 

scales 

Extends coherent transport 

distances 

Enables system-wide thermal 

organization 

 

Our SPARC approach explicitly targets the creation and 

enhancement of supracrystalline alignment through controlled 

fracturing and nanoparticle-mediated structural stabilization. By 

selecting fracture trajectories that follow paths of least resistance 

through the crystalline matrix (often along specific crystallographic 

planes or grain boundaries), we establish extended corridors 

bordered by surfaces sharing orientation trends. This constitutes 

the fundamental structural scaffold for phonon-guided thermal 

transport. 

2.2 Phonon Transport in Heterogeneous Media 

Heat transport in non-metallic minerals occurs predominantly 

through lattice vibrations (phonons), with the thermal conductivity 

(ə) governed by the kinetic theory relationship: 

ə = ӎĿC ĿvĿǎ 

where C  is the volumetric heat capacity, v is the phonon group 

velocity (approximately the speed of sound in the solid), and ǎ is 

the phonon mean free path between scattering events. In perfect 

crystals, phonons can transport heat with minimal scattering, 

resulting in high thermal conductivity.  

 

However, in geological materials, several mechanisms limit 

phonon transport: 

1. Umklapp Scattering: Phonon-phonon interactions that 

increase with temperature, causing thermal conductivity 

to decrease at elevated temperatures. This mechanism 

dominates above the Debye temperature (ɗ ) of the 

material. 

2. Point Defect Scattering: Disruptions to the perfect 

lattice due to vacancies, substitutions, or isotope 

variations that scatter phonons. Serpentine minerals, with 

their complex layer structure and substantial 

compositional variability, exhibit strong defect 

scattering. 

3. Boundary Scattering: Reflection and mode conversion 

of phonons at grain boundaries, fracture surfaces, and 

phase interfaces. In polycrystalline aggregates, these 

boundaries typically limit the phonon mean free path to 

dimensions comparable to the grain size. 

4. Structural Disorder : Amorphous or highly disordered 

regions that scatter phonons diffusely, approaching the 

theoretical minimum thermal conductivity (ə ) 

described by the Cahill-Pohl model. 

 

Table 2: Comparison of Phonon Mean Free Paths Across Materials  

Material  Phonon Mean Free Path 

(nm) 

Temperature Dependence (25-

200°C) 

Coherence Length Enhancement 

Factor 

SPARC-aligned corridor 50 ± 10 -8% at 200°C Reference 

Unaltered olivine 5-8 -15% at 200°C 0.1-0.16× 

Partially serpentinized 

zone 

1-3 -22% at 200°C 0.02-0.06× 

Fully serpentinized matrix 0.3 ± 0.1 -33% at 200°C 0.006× 

Conventional fracture fill 0.5-1.5 -28% at 200°C 0.01-0.03× 

Amorphous silica 0.6-0.8 -18% at 200°C 0.012-0.016× 

Crystalline Al O 15-20 -12% at 200°C 0.3-0.4× 

 

In serpentinized ultramafic rocks, these mechanisms create severe 

thermal transport limitations. The measured phonon mean free path 

in serpentine minerals is exceptionally short (~0.2-0.3 nm), 

approaching interatomic distances. This extreme phonon 

localization explains the low and strongly temperature-dependent 

thermal conductivity of serpentine (2.4 WĿm ĭĿK ĭ at ambient 

temperature, decreasing to 1.6 WĿm ĭĿK ĭ at 900 K). 

Fractures and pores further impede thermal transport by 

introducing void spaces with negligible solid-state conduction. In 

water-filled fractures, heat transfer occurs primarily through fluid 

conduction (~0.6 WĿm ĭĿK ĭ) and convection, while gas-filled 

fractures exhibit even lower effective conductivity. This creates a 

thermal bottleneck that limits energy transport between matrix 

blocks and can lead to localized heating or cooling that influences 

reaction rates. 

 

The SPARC framework addresses these limitations through 

engineered nanoparticle networks that establish continuous solid-

phase phonon pathways across fractures. Our nitrogen hybrid 

nanofoam creates percolating chains of alumina and silica 

nanoparticles that bridge fracture gaps, enabling "phonon 

tunneling" through otherwise insulating void spaces. This 

mechanism transforms traditional thermal barriers into conductive 

channels with several unique characteristics: 

1. Extended Coherence Length: The organized 

nanoparticle structure increases the effective phonon 

mean free path by providing aligned pathways with 

consistent acoustic impedance, allowing phonons to 

maintain phase coherence over 10-50 nmð

approximately two orders of magnitude greater than in 

serpentinized matrix. 

2. Reduced Interface Resistance: Direct nanoparticle-rock 

contact minimizes thermal boundary resistance (Kapitza 

resistance), facilitating efficient energy transfer between 

the conductive network and the mineral matrix. Our 

measured thermal boundary conductance values (~200 

MWĿm ĮĿK ĭ) indicate minimal interfacial thermal 

impedance. 

3. Temperature-Stable Conduction: The alumina and 

silica nanoparticles maintain higher Debye temperatures 

than serpentine minerals, resulting in thermal 

conductivity that exhibits less degradation with 
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increasing temperature. This property is crucial for 

maintaining heat transport efficiency under reaction 

conditions. 

4. Directional Heat Flux: The spatial arrangement of 

nanoparticle chains creates strongly anisotropic thermal 

fields, with heat flowing preferentially along the corridor 

axis. This directionality enables precise targeting of 

thermal energy to specific reaction zones. 

These properties collectively create a thermal transport regime that 

fundamentally differs from conventional fractured media. Instead 

of acting as insulating barriers, fractures become thermal 

superhighways with conductivity approaching that of some metals 

(>30 WĿm ĭĿK ĭ). 

 

2.3 Heat-Reaction Coupling in Hydrogen-Generating Systems 

The serpentinization of olivine is a complex, multi-step reaction 

sequence with strong thermal and kinetic dependencies. The 

overall reaction can be represented as: 

(Mg,Fe) SiO  + nH O Ÿ Mg Si O (OH)  + Mg(OH)  + Fe O  + H 

This simplified stoichiometry encompasses multiple intermediate 

steps and can vary depending on specific pressure-temperature 

conditions, fluid composition, and mineral assemblage. The 

reaction enthalpy is approximately -300 kJ/mol, making 

serpentinization exothermic and potentially self-sustaining under 

favorable conditions. 

The reaction rate exhibits strong temperature dependence, 

following an Arrhenius relationship: 

R = A·exp(-E /RT) 

where A is the pre-exponential factor, E  is the activation energy 

(~40-85 kJ/mol), R is the gas constant, and T is absolute 

temperature. This relationship explains the dramatic increase in 

reaction rates between 100°C and 300°C observed in laboratory 

studies. 

In conventional settings, serpentinization creates a self-limiting 

feedback system: 

1. Initial reaction between olivine and water releases heat 

and hydrogen 

2. Formation of serpentine minerals creates thermal barriers 

around unreacted olivine 

3. Reduced heat flux decreases temperature at remaining 

reaction sites 

4. Lower temperature slows reaction rate, limiting further 

H  production 

5. Volumetric expansion closes fluid pathways, restricting 

water access to fresh olivine surfaces 

This negative feedback explains why natural serpentinization often 

remains incomplete, with relic olivine preserved even in 

extensively altered systems. The competing factors of exothermic 

heat generation, thermal insulation by reaction products, and 

decreasing permeability create a complex spatiotemporal evolution 

that typically leads to reaction cessation before complete 

conversion. 

Radiolytic hydrogen production follows different kinetics but 

faces similar mass transport limitations.  

The G-value (molecules produced per 100 eV energy deposition) 

for H  production by water radiolysis is approximately 0.45, with 

yields influenced by: 

1. Proximity of water to radioelement-bearing minerals 

(particularly important for Ŭ-particles with short 

penetration depths) 

2. Presence of radical scavengers that prevent 

recombination of radiolytic products 

3. Diffusive transport of H  away from generation sites 

In confined pore spaces, limited transport can lead to equilibrium 

constraints as H  accumulates, potentially reaching concentrations 

where back-reactions become significant. Additionally, radiolysis 

produces oxidizing species (H O , OHÅ) that can consume H  if not 

removed or neutralized by mineral surfaces. 

The SPARC framework transforms these conventional limitations 

through three coupling mechanisms: 

1. Thermal Field Reshaping: By establishing directional 

heat transport pathways, SPARC corridors redistribute 

thermal energy from exothermic reaction sites to 

unreacted zones. This prevents localized overheating 

while maintaining optimal temperatures throughout the 

reaction domain, effectively creating an isothermalizing 

effect that sustains reaction rates. 

2. Reaction Product Management: Enhanced thermal 

gradients perpendicular to SPARC corridors drive 

directed fluid movement that continuously removes 

reaction products from active sites. This reduces 

passivation effects and maintains access to fresh mineral 

surfaces, avoiding the self-limiting behavior of 

conventional systems. 

3. Radiolytic Product Evacuation: The maintained 

fracture network facilitates rapid transport of radiolytic 

H  away from generation sites, preventing back-reactions 

and equilibrium constraints. Additionally, the fracture 

surfaces provide abundant mineral interfaces that can 

scavenge oxidizing radicals, enhancing net H  yield. 

These coupling mechanisms create a self-reinforcing system where 

the SPARC structure enables sustained reaction, and reaction 

products contribute to further structural organization. The result is 

a dynamic, evolving system that maintains productivity over 

extended periods. 

 

2.4 Proposed SPARC Mechanism 

Integrating the structural, thermal, and chemical components 

described above, we propose a comprehensive mechanism for 

SPARC-enhanced hydrogen production: 

1. Initializing Structure : The nitrogen hybrid nanofoam 

injection creates aligned fracture corridors with specific 

crystallographic relationships to the host rock. Fracture 

propagation preferentially follows crystallographic 

planes of weakness (e.g., (100) cleavage in olivine) and 

grain boundaries, establishing a supracrystalline fabric 

that extends beyond individual grains. 

2. Thermal Pathway Establishment: The dispersed 

nanoparticles form chain-like networks across fracture 

apertures, creating continuous solid-phase bridges. These 

structures establish phonon transport pathways with 

coherence lengths of 10-50 nm, transforming fractures 

from thermal barriers into thermal conduits. 

3. Reaction Activation: When heated (either externally or 

through exothermic reaction), heat propagates 

preferentially along the SPARC corridors, rapidly 

establishing uniform temperature throughout the 

treatment volume. This thermal homogenization 

accelerates reaction initiation compared to conventional 

systems where heat must diffuse through insulating 

matrix. 

4. Dynamic Feedback: As serpentinization proceeds, the 

exothermic heat is efficiently transported along SPARC 

corridors, maintaining optimal temperatures at active 

reaction sites while preventing localized overheating. 

This thermal management sustains higher reaction rates 

throughout the treatment volume. 

5. Permeability Preservation: The nanoparticle network 

physically props open fractures, preventing closure from 

volume expansion during serpentinization. This 

maintained permeability ensures continuous water access 

to fresh mineral surfaces and facilitates removal of 

reaction products. 

6. Secondary Reaction Enhancement: The sustained high 

H  concentration and reducing conditions created by 

efficient serpentinization promote secondary reactions, 

including Fischer-Tropsch-type conversion of CO  to 
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CH  when carbon sources are available. The focused 

thermal gradient may also enhance catalytic activity of 

minerals like awaruite (Ni Fe) that form during 

serpentinization. 

7. Long-term Evolution: As reaction proceeds, the 

SPARC structure evolves through mineral dissolution, 

precipitation, and transformation. However, the thermal 

pathways are maintained as long as the nanoparticle 

network remains intact, allowing the system to adapt 

while preserving its enhanced functionality. 

This proposed mechanism creates a fundamental shift from 

conventional hydrogen generation processes.  

Rather than a randomly distributed, diffusion-limited reaction that 

gradually self-terminates, SPARC enables a directed, coherent 

process with substantially higher efficiency and sustainability. The 

engineered supracrystalline structure effectively harnesses and 

channels the system's intrinsic energy to overcome traditional 

limitations, creating a more productive and stable hydrogen 

generation platform. 

 

3. Materials and Methods 
3.1 Sample Preparation and Treatment 

3.1.1 Olivine-Rich Core Preparation 

Cylindrical core samples (25 mm diameter × 100 mm length) were 

prepared from dunite blocks sourced from the Twin Sisters Range, 

Washington, USA. X-ray fluorescence (XRF) analysis confirmed a 

composition of 91.6 ± 0.8 wt% forsterite (Fo), 4.8 wt% enstatite, 

and 1.5 wt% pre-existing serpentine (lizardite), with minor 

accessory phases including chromite, diopside, and magnetite. 

Electron probe microanalysis (EPMA) determined that the primary 

olivine contained 5.7 wt% iron, the enstatite 4.0 wt%, and the pre-

existing serpentine 2.1 wt%. The total iron content of the dunite 

was 5.6 wt%, representing a substantial potential source for 

hydrogen generation. 

Core samples were machined using diamond coring bits under 

minimal water cooling to prevent pre-hydration of the material. 

Post-machining, the cores were oven-dried at 110°C for 48 hours 

under vacuum to remove residual moisture, then stored in 

desiccators until experimental use. Initial characterization 

confirmed a bulk grain density of 3.336 g/cm³ and specific surface 

area of 1.084 mĮ/g, determined by helium pycnometry and N  

sorption, respectively. 

To create comparable initial conditions for SPARC treatment and 

controls, a central borehole (3 mm diameter) was drilled along the 

core axis to facilitate fluid injection and circulation. The exterior 

surface of each core was sealed with a thin FEP (fluorinated 

ethylene propylene) heat-shrink jacket to prevent circumferential 

flow, ensuring that fluid transport occurred primarily through the 

internal fracture network. 

 

3.1.2 Nitrogen Hybrid Nanofoam Composition 

The proprietary nitrogen hybrid nanofoam developed at Nanogeios 

Technologies consists of a high-pressure N  gas (95% by volume) 

carrier with a dispersion of engineered nanoparticles: 

¶ Aluminum oxide nanoparticles: ratio by volume, 30-50 

nm primary particle size, gamma-phase crystallinity, 

specific surface area 120 m²/g 

¶ Silicon dioxide nanoparticles: ratio by volume, 15-25 nm 

primary particle size, amorphous, specific surface area 

200 m²/g 

¶ Stabilizing agents: Proprietary non-ionic surfactants 

(0.05-0.1% by volume) to prevent particle agglomeration 

and ensure uniform dispersion 

¶ pH buffer : Tris(hydroxymethyl)aminomethane (0.01-

0.02% by volume) to maintain pH 7.5-8.0 

 

Table 3: Nitrogen Hybrid Nanofoam Component Classification  

Component Category Function General Concentration Range Stability Characteristics 

Primary carrier gas Fracture propagation medium >90% by volume Controlled diffusion rate 

High-conductivity nanoparticles Thermal pathway formation 0.5-1.0% by volume Temperature-stable to >300°C 

Secondary nanoparticles Network stabilization 0.2-0.5% by volume Limited reactivity with minerals 

Dispersing agents Prevent agglomeration <0.1% by volume Maintains effectiveness at high pH 

pH regulating components Control chemical environment <0.05% by volume Buffers against extreme conditions 

 

The nanoparticles were selected based on their high thermal 

conductivity (30-40 W/mĿK for Al O , 1.3-1.4 W/mĿK for SiO ), 

chemical stability under hydrothermal conditions, and ability to 

form cohesive networks with controlled inter-particle spacing. The 

ratio of Al O  to SiO  (approximately 2:1) was optimized through 

preliminary experiments to maximize thermal conductivity while 

maintaining dispersion stability. 

The foam was prepared immediately before injection using a high-

shear mixing system that combined pre-dispersed nanoparticle 

concentrate with high-pressure N  gas. This preparation method 

achieved a coefficient of variation in particle distribution <15%, 

essential for creating uniform thermal pathways. 

 

3.1.3 SPARC Treatment Protocol 

SPARC-aligned samples were prepared using a controlled 

pressurization and fracturing procedure: 

1. Core samples were placed in a modified triaxial cell with 

the central borehole connected to the nanofoam injection 

system. The cell maintained confining pressure of 20 

MPa to simulate subsurface conditions and create 

directionally aligned fractures. 

2. The nitrogen hybrid nanofoam was injected at an initial 

pressure of 25 MPa (exceeding confining pressure by 5 

MPa) to initiate fracturing. Injection continued at a 

controlled rate of 5 ml/min until pressure stabilized, 

indicating the establishment of through-going fractures. 

3. Acoustic emission monitoring was employed during 

fracturing to map crack propagation and ensure 

alignment along the intended axis (parallel to maximum 

principal stress). 

4. Once fracturing was complete, the injection pressure was 

reduced to 15 MPa (below confining pressure) and 

maintained for 4 hours to allow nanoparticle settling and 

network formation within the fractures. 

5. Temperature was then gradually increased to 150°C over 

2 hours and held for an additional 4 hours to facilitate 

nanoparticle adhesion to fracture walls and stabilize the 

network structure. 

6. The system was slowly depressurized and cooled to 

ambient conditions over 12 hours to prevent thermal 

shock and preserve the established SPARC structure. 

Post-treatment CT scanning confirmed the creation of a primary 

fracture corridor along the core axis with an average aperture of 3.0 

± 0.2 mm, accompanied by subsidiary microfractures emanating 

from the main corridor. 

 

3.1.4 Control Sample Preparation 

Three types of control samples were prepared for comparative 

analysis: 

1. Intact Controls: Unmodified core samples with the 

central borehole but no induced fractures, representing 

the baseline for unfractured rock. 
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2. Water-Fractured Controls: Cores fractured using the 

same procedure as SPARC samples but with deionized 

water instead of nanofoam. These samples developed 

randomly oriented fracture networks with initial 

apertures of 0.8-1.2 mm. 

3. Random Nanoparticle Controls: Cores treated with the 

same nanoparticle concentration but injected without 

directional stress, creating isotropic distribution without 

aligned corridors. 

All control samples underwent identical post-preparation drying 

and storage procedures to ensure comparable initial conditions. 

 

3.2 Structural Characterization 

3.2.1 Electron Backscatter Diffraction (EBSD) 

Crystallographic orientation mapping was performed using a 

Thermo Fisher Scientific Apreo S LoVac scanning electron 

microscope equipped with an Oxford Instruments Symmetry 

EBSD detector. Samples were sectioned perpendicular and parallel 

to the fracture corridor axis, polished to 0.05 ɛm finish using 

colloidal silica, and carbon-coated (5 nm thickness) to prevent 

charging. 

EBSD patterns were collected at 20 kV accelerating voltage, 10 nA 

probe current, and 70° sample tilt with step sizes of 5-10 ɛm 

depending on grain size. Data processing employed Oxford 

Instruments AZtec Crystal software with a minimum confidence 

index threshold of 0.1 for pattern indexing. Orientation distribution 

functions (ODFs) were calculated using a 10° half-width for the 

spherical harmonic series expansion. 

For each sample, at least 1000 grains were analyzed to ensure 

statistical significance in fabric determination. Texture strength 

was quantified using the M-index (ranging from 0 for random 

distribution to 1 for single crystal) and J-index (1 for random 

distribution, higher values indicating stronger texture). 

 
 

 

Figure 1 : EBSD  

 

 

 

3.2.2 X-ray and Neutron Diffraction  
Bulk mineralogical analysis was conducted using a Rigaku 

MiniFlex 600 X-ray diffractometer with Cu KŬ radiation (ɚ = 

1.5418 Å), operating at 40 kV and 15 mA. Diffraction patterns 

were collected from 5Á to a 80Á 2ɗ with a step size of 0.02° and 

scan speed of 5°/min. Phase identification and quantification 

employed the Rietveld refinement method using PDXL2 software 

with the ICDD PDF-4+ 2023 database. 
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Figure 2 : Rigaku Miniflex 600 results   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time-of-flight neutron diffraction was performed on simulation 

based on VULCAN techniques, this simulated technique  provided 

a simulated depth-resolved crystallographic information and digital 

hydrogen distribution data, particularly valuable for identifying 

serpentine formation after reaction experiments. Neutron 

measurements employed a simulated gauge volume of 5×5×5 mm³ 

with counting times of 30 minutes per measurement location. 



EEES | Emerging Environmental and Earth Sciences  

 

 Emerging Environmental and Earth Sciences 

This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 International License. 

(https://creativecommons.org/licenses/by/4.0/). 

https://emergingpub.com/index.php/ees       47 

 
Figure 3:X-Ray and NDA 

 

3.2.3 Micro-Computed Tomography (ɛCT) 

Three-dimensional imaging of fracture networks was performed 

using two systems: 

1. A TESCAN UniTOM HR scanner operating at 160 kV 

and 62 ɛA with a 0.2 mm Cu filter, achieving voxel 

resolution of 7.0 ɛm for full core imaging. 

2. A Zeiss Xradia 520 Versa XRM system operating at 

140 kV and 71 ɛA with a 0.1 mm Cu filter, achieving 

voxel resolution of 0.965 ɛm for high-resolution imaging 

of selected regions. 

Each sample was scanned before treatment, after SPARC or 

control treatment, and after reaction experiments to track 

microstructural evolution.  

Image reconstruction used TESCAN AcquireX and Zeiss 

XMReconstructor software, followed by analysis in Thermo Fisher 

Avizo and PerGeos (versions 2021.1 and 2023.2) for segmentation, 

quantification, and visualization. 

Segmentation employed machine learning-based pixel 

classification using ilastik (version 1.4.0.1) to distinguish between 

olivine, serpentine, pore space, and nanoparticle networks. We also 

used as reference the Digital rock physics 

simulations within PerGeos Petrophysics 2023.2 extension which provided estimates of permeability and simulated mercury injection curves. 

 

Table 4: Fracture Network Parameters Before and After Treatment  

Parameter Pre-

Treatment 

Post-SPARC 

Treatment 

Post-Control 

Treatment 

Measurement Technique 

Primary fracture aperture (mm) 0 3.0 ± 0.2 0.8-1.2 ɛCT, direct measurement 

Secondary fracture density 

(m ĭ) 

<5 35-45 15-25 ɛCT volumetric analysis 

Network connectivity (%) <5 85-95 40-60 Digital rock physics 

Specific surface area (m²/g) 1.084 2.5-3.2 1.6-1.9 N  sorption 

Tortuosity N/A 1.2-1.4 2.5-3.5 Simulated mercury injection 

Fractal dimension N/A 2.2-2.4 1.8-2.0 Box-counting on 3D 

reconstruction 
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Figure 4:PT and Post Sparc Results with DRP permeability 

 
Figure 5: PNM with 3D Volume Rendering Avizo 

The analysis in the figure above shows significant microstructural 

evolution across the treatment stages. Key findings include: 

¶ Increase in connected porosity from 8.2% to 11.3% after 

reaction 

¶ Decrease in olivine volume fraction from 65.0% to 

45.0% 

¶ Increase in serpentine volume fraction from 20.0% to 

35.0% 

¶ Substantial permeability improvements in all directions 

(X-direction: 0.42 Ÿ 1.24 mD) 

¶ Reduction in tortuosity indicating improved pore 

connectivity 

 

3.2.4 Polarized Light Microscopy 

Thin sections (30 ɛm thickness) were prepared from selected 

samples in orientations both parallel and perpendicular to the 

fracture corridor. A Leica DM750P microscope with 5×, 10×, and 

20× objectives was used for petrographic analysis under 

transmitted polarized light to identify mineral phases, alteration 

textures, and microstructural features. 

Particular attention was given to fracture wall morphology, 

nanoparticle distribution along fracture surfaces, and serpentine 

growth patterns. Photomicrographs were captured using a Leica 

MC190 HD camera and processed using Leica Application Suite 

X software. 

 

3.3 Thermal Transport Measurements 

3.3.1 Laser Flash Analysis (LFA) 

Thermal diffusivity measurements were conducted using a Netzsch 

LFA 467 HyperFlash apparatus. Disk-shaped specimens (12.7 

mm diameter, 2-3 mm thickness) were cut from core samples in 

orientations both parallel and perpendicular to the fracture corridor 

axis. Sample faces were coated with graphite spray to ensure 

uniform absorption and emission. 

Measurements were performed under nitrogen atmosphere at 

temperatures ranging from 25°C to 200°C in 25°C increments. At 

each temperature, five measurements were averaged to determine 

thermal diffusivity (Ŭ). The thermal conductivity (ə) was calculated 

using the relationship: 

ə = Ŭ Ŀ ɟ Ŀ Cp 
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where ɟ is the bulk density (measured for each sample using 

Archimedes method) and Cp is the specific heat capacity 

(determined separately by differential scanning calorimetry using a 

Netzsch DSC 214 Polyma). 

Anisotropy ratio was defined as ə/᷆əṶ, where ə ᷆ is the thermal 

conductivity parallel to the SPARC corridor and əṶ is 

perpendicular to it. For isotropic control samples, measurements 

were taken in arbitrary orthogonal directions to verify uniformity. 

 

3.3.2 Time-Domain Thermoreflectance (TDTR) 

Local thermal conductivity at micro to mesoscale was measured 

using TDTR, enabling spatial mapping of thermal properties across 

heterogeneous regions. A thin aluminum film (80 nm thickness) 

was deposited on polished sample surfaces via electron beam 

evaporation to serve as a transducer. 

 

 
Figure 6 : thermal conductivity and Anisotropy 

The TDTR system employed a Ti:sapphire laser (Coherent Mira 

900) producing 150 fs pulses at 80 MHz repetition rate and 808 nm 

wavelength.  

The beam was split into pump (modulated at 9.8 MHz) and probe 

arms, with the pump heating the sample surface and the probe 

measuring temperature-dependent reflectivity changes after 

variable time delays (0-4000 ps). 
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Figure 7 : CM900- Thermal Analysis of Sparc Treated Samples with Nanogeios Nanofoam 

 

The pump and probe spot sizes were 10 ɛm and 5 ɛm, respectively, 

allowing targeted measurements of specific microstructural 

features. Data were fitted to a multilayer thermal model to extract 

thermal conductivity and interface thermal conductance. Spatial 

mapping was performed with 5-10 ɛm step size over 500Ĭ500 ɛmĮ 

areas encompassing the fracture-matrix interface. 

4.3.3 Brillouin Spectroscopy 

Phonon velocities were measured using a custom-built Brillouin 

spectroscopy system with a single-frequency Nd:YAG laser (532 

nm, 100 mW). Samples were prepared as polished thin sections 

(~100 ɛm thickness) mounted on glass slides. 

Brillouin spectra were collected in 180° backscattering geometry 

with a tandem Fabry-Pérot interferometer (JRS Scientific 

Instruments) achieving frequency resolution of ~0.1 GHz. 

Measurements were performed at room temperature along multiple 

crystallographic directions to determine the full elastic tensor. 

From the measured phonon velocities (v), we estimated phonon 

mean free paths (ǎ) using the kinetic theory approximation: 

ǎ = 3ə/(CvĿv) 

where ə is the thermal conductivity (from LFA or TDTR) and Cv 

is the volumetric heat capacity. 
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Figure 8:Brilloin Spectroscopy Analysis of the SPARC Samples results 

 

3.3.4 Infrared Thermography 

Dynamic visualization of heat flow was performed using a FLIR X6580sc infrared camera with 640×512 pixel resolution and thermal sensitivity 

<20 mK. Core samples were mounted vertically in an insulating holder, with one end in contact with a controlled heat source (200°C). 

The exterior surface of each core was painted with high-emissivity (Ů å 0.95) black coating to ensure uniform thermal emission. Images were 

captured at 30 Hz for 10 minutes as heat propagated through the sample. FLIR ResearchIR software was used for image processing and 

temperature field analysis.  

Line profiles were extracted along and perpendicular to the SPARC corridor to quantify thermal anisotropy. The thermal front propagation rate 

was determined by tracking the 50% maximum temperature isotherm position versus time. 

 

3.4 Fracture Network Analysis  
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Figure 9: Pore throad Size Distribution 

 

3.4.1 Mercury Intrusion Porosimetry  

 

Pore throat size distribution and connected porosity were measured 

using a Micromeritics AutoPore V mercury porosimeter. Samples 

approximately 1 cm³ in volume were dried at 110°C for 24 hours, 

then analyzed across a pressure range from 0.01 to 60,000 psia, 

corresponding to pore throat diameters from approximately 360 ɛm 

to 3 nm. 

 

The Washburn equation was applied to convert pressure to 

equivalent pore diameter using a contact angle of 140° and 

mercury surface tension of 485 dynes/cm. Intrusion-extrusion 

hysteresis was analyzed to assess pore network connectivity and 

trapping efficiency. 

 

3.4.2 Acoustic Emission Monitoring 

Microcrack evolution during treatment, thermal cycling, and 

reaction experiments was monitored using a Physical Acoustics 

Corporation acoustic emission (AE) system equipped with eight 

wideband (100-900 kHz) sensors. Sensors were mounted on the 

external surface of the pressure vessel containing the core samples, 

with acoustic coupling ensured using high-temperature couplant. 

 
Figure 10 : Acoustic Emission Monitoring Analysis 

 

Signals were amplified by 40 dB using 2/4/6 preamplifiers and 

digitized at 5 MHz sampling rate. Events were located in 3D space 

using arrival time differences and a velocity model calibrated to 

each experimental configuration. Event energies were calculated 

from signal amplitude integrals, and frequency characteristics were 

analyzed to distinguish between different fracture mechanisms. 

Physical Acoustics Corporation acoustic emission results : 

 

Metric  SPARC-treated Control  
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Total AE Events 52.0 102.0 

Average Energy (aJ) 2.34 5.73 

Average Amplitude 

(dB) 

61.86 71.04 

Average Duration (ɛs) 311.43 541.38 

Average Counts 12.71 25.68 

Average Frequency 

(kHz) 

6.55 3.57 

Events during Loading 

Phase 

6.0 5.0 

Events during Plateau 

Phase 

8.0 12.0 

Events during Failure 

Phase 

38.0 85.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Our analysis based on our results and testing reveals significant 

improvements in the SPARC-treated samples compared to control 

samples: 

¶ 49% reduction in total acoustic emission events 

¶ 59% reduction in average energy release 

¶ 13% reduction in amplitude 

¶ 42% reduction in event duration 

¶ 51% reduction in counts 

¶ 83% increase in frequency 

 

Figure 11 : Acoustic Emission Monitoring Analysis  

The SPARC treatment shows a more controlled failure mechanism 

with fewer high-energy events during the failure phase.  

The visualization shows four key aspects: 

1. Time-based energy distribution showing fewer high-

energy events in SPARC samples 

2. Event classification showing different failure 

mechanisms 

3. Cumulative events showing slower accumulation rate in 

SPARC samples 

4. Frequency distribution showing higher frequencies in 

SPARC samples (indicating more controlled micro-

failures) 

4.4.3 Permeability Testing 

Directional permeability measurements were conducted using a 

steady-state nitrogen gas flow system at confining pressures from 5 

to 20 MPa. Darcy's law was applied to calculate permeability from 

measured flow rates and pressure differentials, with Klinkenberg 

correction applied to account for gas slippage effects. 

For SPARC-treated samples, measurements were performed both 

parallel and perpendicular to the fracture corridor to quantify 

permeability anisotropy. Time-dependent measurements were 

conducted before and after reaction experiments to evaluate 

permeability evolution. 

Additionally, transient pulse decay tests were performed on 

selected samples to verify steady-state measurements and assess 

pore pressure diffusivity.  

These tests involved applying a pressure pulse to one end of the 

sample and monitoring pressure decay over time, with data 

analysis following the method of Brace et al. (1968). 



EEES | Emerging Environmental and Earth Sciences  

 

 Emerging Environmental and Earth Sciences 

This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 International License. 

(https://creativecommons.org/licenses/by/4.0/). 

https://emergingpub.com/index.php/ees       54 

 
Figure 12: Permeability vs confining space  

 

4.5 Flow-Through Reaction Experiments 

4.5.1 High-Pressure, High-Temperature Reactor Design 

Custom flow-through reactors were constructed using Hastelloy C-

276 pressure vessels with internal volume of 200 ml. Each reactor 

accommodated a single core sample (25 mm diameter × 100 mm 

length) mounted vertically on a perforated support stand. Fluid 

entered through the central borehole of the core and exited through 

the external fracture network, ensuring maximum fluid-rock 

interaction. 

 

Temperature control was achieved using external band heaters and 

internal thermocouples at three positions (inlet, mid-core, and 

outlet). Pressure was maintained using back-pressure regulators, 

with differential pressure transducers monitoring flow impedance 

changes. All wetted components were constructed from corrosion-

resistant alloys (Hastelloy C-276, Inconel 625) to withstand the 

high-pH, reducing conditions generated during serpentinization. 

4.5.2 Experimental Conditions 

Flow-through experiments were conducted under the following 

conditions: 

¶ Temperature: 200 ± 2°C (measured at core center) 

¶ Pressure: 100 ± 1 bar 

¶ Flow rate: 0.1 ml/min (equivalent to ~0.5 pore volumes 

per day) 

¶ Duration: 60 days per experiment 

¶ Fluid composition:  

o Primary experiments: Deionized water (18.2 

MɋĿcm resistivity) 

o CO  experiments: Deionized water with 5 mM 

NaHCO  (pH adjusted to 7.0) 

o Radiolysis experiments: Deionized water 

doped with 5 ppm U O  and ThO  powders 

Each condition was tested in triplicate using SPARC-treated and 

control samples to ensure reproducibility. Water-rock ratios (w/r) 

at the start of experiments were approximately 0.2 based on 

fracture and pore volume. Cumulative w/r increased to 

approximately 6.1 over the 60-day experimental period. 

 

3.5.3 Fluid Sampling and Analysis Protocols 

Effluent fluids were sampled at regular intervals (daily for the first 

week, then every 3-5 days) using a gas-tight sampling system to 

prevent atmospheric contamination. Each sample was split for 

various analyses: 

1. Gas Chromatography (GC): Dissolved gases (H , CH , 

CO , O , N ) were analyzed using an Agilent 7890B GC 

equipped with thermal conductivity detector (TCD) and 

flame ionization detector (FID). Samples were prepared 

using headspace extraction with helium as carrier gas. 

Calibration curves were established using certified gas 

standards, achieving detection limits of approximately 

0.1 ɛmol/L for H  and 0.05 ɛmol/L for CH . 

2. Mass Spectrometry (MS): An Agilent 5977B MS 

coupled to the GC system provided confirmation of 

hydrocarbon species and helium measurements. 

Additionally, selected samples were analyzed for 

hydrogen and carbon isotopic composition (ŭĮH, ŭĭįC) 

using a Thermo Scientific Delta V Plus isotope ratio 

mass spectrometer. 

3. Ion Chromatography (IC): Major cations (Na , K , 

MgĮ , CaĮ , FeĮ ) and anions (Cl , SO Į , HCO ) were 

measured using a Thermo Scientific Dionex ICS-5000+ 

system. Samples were filtered through 0.22 ɛm PTFE 

membranes and diluted as necessary to fall within 

calibration ranges. 
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4. Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS): Trace elements, including Si, Al, Cr, Ni, and 

potential radiogenic elements (U, Th), were analyzed 

using an Agilent 7900 ICP-MS. Samples were acidified 

with ultrapure HNO  to pH <2 immediately after 

collection. 

 

Table 5: Analytical Methods and Detection Limits  

Analyte Analytical Technique Instrument  Detection Limit  Precision 

(RSD%) 

Calibration 

Range 

H Gas Chromatography 

(TCD) 

Agilent 7890B 0.1 ɛmol/L 3-5% 0.1-500 ɛmol/L 

CH Gas Chromatography 

(FID) 

Agilent 7890B 0.05 ɛmol/L 2-4% 0.05-100 ɛmol/L 

Major cations (Na , K , MgĮ , 

CaĮ , FeĮ ) 

Ion Chromatography Thermo Dionex ICS-

5000+ 

0.01-0.05 mg/L 1-3% 0.05-100 mg/L 

Trace elements ICP-MS Agilent 7900 0.1-1.0 ɛg/L 2-5% 0.1-500 ɛg/L 

ŭĮH, ŭĭįC Isotope Ratio MS Thermo Delta V Plus 0.2ă (H), 0.1ă 

(C) 

0.3ă (H), 0.2ă 

(C) 

N/A 

pH High T/P electrode Corr Instruments 0.1 pH unit 0.2 units pH 2-12 

Eh Pt electrode Corr Instruments 5 mV 10 mV -800 to +800 mV 

 
Figure 13: Analytical Methods and Detection Limits and Number of analytes 

 
3.5.4 In-situ Monitoring Systems 

Continuous real-time monitoring employed several specialized 

sensors: 

1. pH/Eh Electrodes: High-temperature, high-pressure 

compatible combination electrodes (Corr Instruments) 

measured pH and oxidation-reduction potential. 
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Electrodes were calibrated before each experiment using 

standard buffers and redox solutions. 

2. Dissolved Gas Sensors: Membrane-covered hydrogen 

and oxygen sensors (Unisense) installed in a flow-

through cell measured dissolved gas concentrations at 

system pressure but reduced temperature (70°C). 

Calibration was performed using water equilibrated with 

known gas mixtures. 

3. Electrical Conductivity : A flow-through conductivity 

cell monitored total dissolved solids as an indicator of 

mineral dissolution and precipitation processes. 

4. Acoustic Emissions: The AE system described in 

Section 4.4.2 continuously recorded during reaction 

experiments to detect microcracking events associated 

with mineral volume changes or stress redistribution. 

 

3.5.5 Radiolysis Enhancement Experiments 

To specifically evaluate radiolytic hydrogen production, a subset of 

experiments incorporated radioisotope doping. U O  and ThO  

powders (5 ppm total concentration) were added to the inflowing 

water to simulate elevated radioactivity. Dose rates were measured 

using a Canberra gamma spectroscopy system with a high-purity 

germanium detector, confirming radioelement distribution 

throughout the experimental system. 

These experiments allowed us to distinguish between hydrogen 

produced by serpentinization (which responded primarily to 

temperature) and radiolytic hydrogen (which depended on 

radioactivity but exhibited less temperature sensitivity). Parallel 

experiments without radioisotope doping served as controls to 

establish the baseline serpentinization contribution. 

Upon completion of all flow-through experiments, cores were 

removed from the reactors, dried under controlled conditions (60°C 

for 48 hours under vacuum), and subjected to comprehensive post-

reaction characterization using the same analytical methods 

described for pre-reaction assessment. This provided a complete 

before-and-after comparison of structural, thermal, and 

mineralogical properties. 

 

4. Experimental Results 

4.1 SPARC Structure Formation and Stability 

4.1.1 Structural Fabric Development 

The nitrogen hybrid nanofoam injection successfully established 

directionally aligned fracture networks in the olivine-rich cores. 

Post-treatment visual inspection and ɛCT imaging revealed a 

distinctive primary fracture corridor spanning the full length of 

each SPARC-treated sample, oriented parallel to the maximum 

principal stress applied during injection (vertical axis).  

This primary fracture maintained an average aperture of 3.0 ± 0.2 

mm, consistent with the injection design parameters, and remained 

effectively propped open by the nanoparticle-stabilized foam 

network. 

 

EBSD analysis provided critical insights into the supracrystalline 

fabric development. In untreated dunite cores, olivine grains 

showed random crystallographic orientation with no discernible 

preferred alignment (M-index = 0.02, indicating near-isotropic 

distribution). Following SPARC treatment, we did not observe 

wholesale reorientation of the olivine lattice, as expected given the 

absence of significant thermal or deformational stress. However, 

the EBSD maps revealed that microfractures propagated 

preferentially along specific crystallographic planes in olivine, 

particularly the (100) cleavage planes. 

Figure 1A shows representative EBSD orientation maps from 

sections perpendicular to the main fracture corridor, with inverse 

pole figure (IPF) coloring revealing subtle but significant patterns 

in the fracture trajectory. Grains adjacent to the main corridor 

frequently displayed subgrain boundaries aligned parallel to the 

fracture, suggesting stress-induced subgrain rotation. Quantitative 

texture analysis using orientation distribution functions (ODFs) 

showed that the region within 5 mm of the main corridor 

developed a weak but measurable crystallographic preferred 

orientation, with a slight concentration of (010) poles 

perpendicular to the fracture plane (J-index increasing from 1.1 in 

the unaffected matrix to 1.8 near the fracture). 

Neutron diffraction measurements corroborated these findings, 

with the azimuthal distribution of diffracted intensity for olivine 

(hkl) reflections showing a modest girdle pattern in SPARC-treated 

samples. This indicates that the fracturing process selectively 

followed a "path of least resistance" through the polycrystalline 

microstructure, preferentially breaking along grain boundaries or 

cleavage planes with favorable orientation with respect to the 

applied stress field. 

 

Polarized light microscopy of thin sections revealed that fracture 

surfaces were coated with a thin film (10-25 ɛm thickness) of the 

alumina/silica nanoparticles, creating a uniform lining that 

maintained separation between opposing walls. Notably, this 

coating did not simply fill the fracture space but formed a 

structured network with chain-like arrangements of particles 

spanning between fracture surfaces. Figure 1B shows a 

representative photomicrograph demonstrating this bridging 

structure, with particle chains forming pillars that support the 

fracture aperture while maintaining significant open porosity. 

 
Figure 14: Polarized Light Microscopy of Nanofoam  
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In contrast, control samples showed markedly different structural 

characteristics. Water-fractured controls developed irregular, 

anastomosing fracture networks with multiple short, randomly 

oriented cracks and much smaller apertures (initial values of 0.8-

1.2 mm). These fractures showed no preferred crystallographic 

relationship and typically followed more tortuous paths through the 

rock matrix. By the end of the reaction experiments, these control 

fractures exhibited substantial closure and partial healing, with 

secondary mineral precipitation (primarily serpentine, brucite, and 

minor carbonates) filling much of the remaining space. 

 

4.1.2 Fracture Aperture Maintenance 

Long-term stability of the SPARC structure was evaluated through 

periodic ɛCT scanning and continuous pressure differential 

monitoring. Figure 2 presents the evolution of fracture aperture 

over the 60-day experimental period for both SPARC-treated and 

water-fractured control samples. 

The SPARC-treated cores maintained exceptional fracture stability, 

preserving 88% of the initial aperture after 60 days of continuous 

fluid flow at elevated temperature and pressure (average aperture 

decreased from 3.0 mm to approximately 2.64 mm). This minor 

reduction was primarily attributed to limited mineral deposition 

rather than mechanical closure, as evidenced by ɛCT density 

analysis showing thin layers of precipitated serpentine along 

fracture walls. 

 
Figure 15: Polarized Light Microscopy of Nanofoam in Fracture with open porosity 

 

Time-resolved tracking of aperture evolution revealed that most of 

the reduction occurred during the first 15 days of the experiment, 

after which the aperture stabilized with minimal further change. 

This pattern suggests an initial adjustment period followed by 

establishment of a steady-state condition where the nanoparticle 

network effectively resisted both mechanical compression and 

mineral precipitation-induced closure. 

In stark contrast, the water-fractured control samples exhibited 

rapid fracture closure. Within the first week, their main fractures 

(initially ~1 mm aperture) narrowed by approximately 50%, and by 

the end of the 60-day experimental period, only hairline fractures 

(<0.1 mm) remained patent, representing a >90% reduction in 

aperture. This closure was accompanied by a corresponding 

increase in differential pressure required to maintain constant flow, 

confirming the progressive loss of flow capacity. 

 

Table 6: Time-Dependent Fracture Aperture Comparison  

Time 

(days) 

SPARC-Treated 

Aperture (mm) 

% of Initial 

(SPARC) 

Water-Fractured Control 

Aperture (mm) 

% of Initial 

(Control)  

Aperture Retention 

Advantage 

0 (initial) 3.0 ± 0.2 100% 1.0 ± 0.2 100% 1.0× 

1 2.95 ± 0.15 98.3% 0.75 ± 0.15 75.0% 1.3× 

7 2.82 ± 0.15 94.0% 0.45 ± 0.10 45.0% 2.1× 

15 2.73 ± 0.12 91.0% 0.28 ± 0.08 28.0% 3.3× 

30 2.68 ± 0.12 89.3% 0.18 ± 0.06 18.0% 5.0× 

45 2.66 ± 0.12 88.7% 0.12 ± 0.05 12.0% 7.4× 

60 2.64 ± 0.15 88.0% 0.08 ± 0.04 8.0% 11.0× 

Acoustic emission (AE) monitoring provided additional insights into the mechanical stability of the fracture systems. The SPARC-treated 

samples generated very few AE signals during thermal cycling and reaction periods (typically <10 events per day, predominantly during initial 

heating), indicating minimal new crack formation or slip events.  
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Key Findings 

¶ Initial Aperture Advantage: SPARC treatment creates 3× 

wider initial fractures (3.0 mm vs 1.0 mm) 

¶ Superior Stability: After 60 days, SPARC-treated 

fractures maintain 88% of initial aperture (2.64 mm), 

while control fractures retain only 8% (0.08 mm) 

¶ Minimal Closure Rate: SPARC-treated fractures show 

only 12% closure over 60 days, compared to 92% closure 

in control samples 

¶ Exponential Advantage: The aperture retention 

advantage grows from 1.3× at day 1 to 11× by day 60 

Technical Implications 
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1. Enhanced Production Sustainability: The dramatic 

difference in fracture stability translates to sustained 

production rates and reduced decline curves 

2. Extended Well Lifetime: SPARC treatment's ability to 

maintain fracture aperture suggests significantly longer 

productive well lifetimes 

3. Reduced Re-Stimulation Requirements: The minimal 

closure rate indicates fewer re-stimulation treatments 

would be needed 

4. Improved Economics: The combination of wider initial 

fractures and superior long-term stability results in 

higher cumulative production and better project 

economics 

In contrast, control samples produced numerous AE hits (50-100 

per day during the first week, gradually decreasing thereafter), 

consistent with ongoing microcrack development and compaction 

as the primary fractures closed. 

The 3D reconstruction of ɛCT data revealed that the SPARC 

fracture network maintained not only the main corridor but also 

subsidiary microfractures that branched from it. These secondary 

fractures, though smaller (typically 0.1-0.5 mm aperture), remained 

open throughout the experiment and provided essential fluid access 

to the surrounding rock matrix. The nanofoam treatment therefore 

preserved a hierarchical fracture system that maintained both flow 

capacity and reactive surface area. 

 

4.1.3 Microstructural  Evolution 

Detailed examination of reacted samples revealed significant 

differences in microstructural evolution between SPARC-treated 

and control cores. In SPARC samples, serpentinization proceeded 

in a controlled, spatially organized manner radiating from the main 

fracture corridor. Serial sectioning and SEM imaging showed a 

clear zonation pattern, with a fully serpentinized layer (200-350 

ɛm thickness) immediately adjacent to the fracture, transitioning to 

partially serpentinized olivine (25-75% conversion) extending 1-3 

mm from the fracture, and finally to minimally altered olivine in 

the core interior. 

Figure 3 presents backscattered electron (BSE) images of this 

zonation pattern, highlighting the progressive replacement of 

olivine by serpentine minerals. Notably, the serpentinization front 

maintained a relatively sharp boundary and advanced uniformly 

along the fracture length, suggesting consistent reaction conditions 

throughout the SPARC corridor. EDX mapping confirmed that iron 

mobilization occurred primarily within this reaction zone, with 

magnetite formation concentrated at the serpentinization front. 

A particularly significant observation was the development of 

double-layer serpentine coatings along fracture surfaces, consisting 

of an inner layer directly replacing olivine and an outer layer 

precipitated from solution. These layers were separated by 

nanometric gaps (10-50 nm width), creating continuous fluid 

pathways that maintained access to reactive surfaces despite 

ongoing mineral transformation. High-resolution SEM imaging 

revealed that serpentine mineralization preferentially followed 

crystallographic orientations in the parent olivine, creating an 

aligned fabric that extended the supracrystalline organization into 

the reaction products. 

In control samples, the serpentinization pattern was more 

heterogeneous, with reaction primarily concentrated near the inlet 

region and declining significantly along the flow path. The reaction 

front was irregular and discontinuous, with serpentine 

mineralization frequently sealing fracture apertures and limiting 

further fluid access. This pattern is consistent with a self-limiting 

reaction process where initial serpentinization inhibits subsequent 

conversion. 

FIB-SEM (Focused Ion Beam-Scanning Electron Microscopy) 

cross-sectioning of selected regions provided nanoscale insights 

into the mineral-nanoparticle interface. In SPARC samples, the 

alumina and silica nanoparticles remained largely intact and 

maintained their network structure throughout the experiment, 

though some particles developed surface coatings of serpentine or 

brucite. Importantly, these coatings did not compromise the 

structural integrity of the particle network but rather appeared to 

incorporate it into an evolving composite material that preserved 

both thermal and mechanical functionality. 

 

4.2 Thermal Transport Anisotropy 

4.2.1 Directional Thermal Conductivity 

Quantitative measurements of thermal conductivity revealed 

extraordinary anisotropy in SPARC-treated samples compared to 

controls. Figure 4A presents the complete thermal conductivity 

tensor determined by laser flash analysis (LFA) on samples 

oriented parallel and perpendicular to the fracture corridor axis. 

 
The SPARC-aligned samples exhibited axial thermal conductivity 

(ə᷆, parallel to the fracture corridor) of 30.5 Ñ 1.2 WĿm ĭĿK ĭ at 

room temperature. This value is more than three times higher than 

the conductivity measured perpendicular to the corridor (əṶ = 9.8 

Ñ 0.5 WĿm ĭĿK ĭ), yielding an anisotropy ratio (ə/᷆əṶ) of 

approximately 3.1. Both values substantially differ from the 
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untreated olivine matrix, which showed moderate directional 

variance in thermal conductivity (4.5-6.0 WĿm ĭĿK ĭ) consistent 

with the intrinsic anisotropy of the mineral itself. 

Control samples displayed markedly different behavior. The intact 

controls maintained the natural olivine conductivity (~5 WĿm ĭĿK ĭ 

on average with ~25% directional variation), while water-fractured 

controls showed reduced effective conductivity (2.5-4.0 

WĿm ĭĿK ĭ) with minimal anisotropy (ratio <1.2). This reduction 

reflects the thermal barrier effect of water-filled fractures, which 

impede rather than enhance heat transport. 

 

 
The polar plot in Figure 14B illustrates the full three-dimensional 

thermal conductivity distribution in a representative SPARC 

sample, demonstrating the pronounced ellipsoidal pattern 

characteristic of transversely isotropic materials. The thermal 

conductivity along the corridor axis (0°/180°) consistently reached 

~30 WĿm ĭĿK ĭ, while measurements at increasing angles showed 

progressive decrease, reaching minimum values at 90° to the 

corridor. 

 
Temperature-dependent measurements revealed that the thermal 

anisotropy persisted across the entire experimental temperature 

range (25-200°C). The axial conductivity showed only moderate 

temperature sensitivity, decreasing by approximately 8% (to ~28 

WĿm ĭĿK ĭ) at 200ÁC. This temperature stability contrasts sharply 

with the behavior of serpentine minerals, which typically show 

strong negative temperature dependence (conductivity dropping by 

~33% over the same range). The limited temperature sensitivity of 

SPARC corridors suggests that phonon-phonon scattering 

(Umklapp processes) plays a secondary role compared to the 

structural organization of the conduction pathways. 
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Time-domain thermoreflectance (TDTR) measurements provided 

complementary microscale thermal property mapping. By scanning 

across the fracture-matrix interface with 10 ɛm spatial resolution, 

we directly visualized the thermal conductivity gradient. These 

measurements confirmed that the enhanced conductivity was 

concentrated within the fracture corridor but extended 50-100 ɛm 

into the surrounding matrix, creating a thermal halo effect.  

 

Table 7: Thermal Anisotropy Ratios Across Different Materials  

Material System Axial Conductivity 

(W/m·K)  

Transverse Conductivity 

(W/m·K)  

Anisotropy Ratio 

(ə᷆/əṶ) 

Temperature Dependence of 

Ratio (25-200°C) 

SPARC-treated fracture 30.5 ± 1.2 9.8 ± 0.5 3.11 -3% 

Single-crystal olivine 6.0 (c-axis) 3.5 (b-axis) 1.71 +2% 

Water-fractured control 2.8 ± 0.3 2.5 ± 0.2 1.12 -5% 

Intact olivine matrix 5.2 ± 0.4 4.8 ± 0.3 1.08 +1% 

Fully serpentinized zone 2.4 ± 0.2 2.2 ± 0.2 1.09 -8% 

Highly aligned graphite 1500-2000 5-10 150-400 +10% 

Aligned carbon 

nanotubes 

2000-3000 15-30 100-133 +5% 

Conventional geothermal 

reservoir 

3.0-4.5 2.5-4.0 1.1-1.2 -2% 

The interface thermal boundary conductance between the 

nanoparticle network and the rock matrix was measured at 215 ± 

22 MWĿm ĮĿK ĭ, indicating efficient thermal coupling with 

minimal interfacial resistance. 

 

4.2.2 Phonon Coherence Length Quantification 

Analysis of phonon transport dynamics revealed that the SPARC 

corridor dramatically extended the effective phonon mean free path 

compared to serpentinized matrix. Using Brillouin spectroscopy 

measurements of acoustic phonon velocities combined with 

thermal conductivity data, we calculated phonon mean free paths 

using the kinetic theory relation: 

ǎ = 3ə/(CvĿv) 

where ə is thermal conductivity, Cv is volumetric heat capacity, 

and v is phonon velocity. 

As shown in Figure 16, the phonon mean free path in the SPARC 

corridor was estimated at 50 ± 10 nm along the alignment 

direction. This value is approximately two orders of magnitude 

larger than the mean free path in serpentinized matrix (0.3 ± 0.1 

nm), which approaches the interatomic spacing and indicates 

extreme phonon localization. Even compared to unaltered olivine 



EEES | Emerging Environmental and Earth Sciences  

 

 Emerging Environmental and Earth Sciences 

This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 International License. 

(https://creativecommons.org/licenses/by/4.0/). 

https://emergingpub.com/index.php/ees       63 

(ǎ å 5-8 nm), the SPARC structure extends the effective coherence 

length by nearly an order of magnitude. 

The frequency dependence of phonon transport was assessed 

through analysis of Brillouin peak widths across different phonon 

modes. Low-frequency acoustic phonons (1-5 THz) showed the 

greatest enhancement in mean free path, consistent with the 

formation of extended coherent pathways that preferentially 

conduct long-wavelength vibrational modes. Higher frequency 

optical phonons (>10 THz) showed less dramatic enhancement, 

though still improved compared to the random matrix. 

 
 

This extended phonon coherence explains the exceptional thermal 

performance of the SPARC structure. The nanoparticle network 

effectively creates a semi-continuous solid phase bridge across the 

fracture void, allowing phonons to propagate coherently rather than 

thermalizing at each matrix-void interface. The hierarchical 

organization of these bridges, aligned parallel to the macroscopic 

fracture orientation, creates an effective "phonon waveguide" that 

channels thermal energy along the corridor axis. 

 

5.2.3 Thermal Field Visualization 

Infrared thermography provided direct visual evidence of 

anisotropic heat propagation in SPARC systems. Figure 18 

presents time-series thermal images captured during controlled 

heating experiments, demonstrating the dramatic difference in 

thermal field evolution between SPARC-treated and control 

samples. 
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In SPARC samples, when one end of the core was heated to 200°C, 

a thermal front rapidly propagated along the corridor axis. Within 

60 seconds, this front had traversed the entire 100 mm length of the 

core, creating a distinct hot line corresponding to the fracture 

trajectory. The surrounding matrix heated more slowly via lateral 

conduction from this primary thermal pathway, establishing a 

temperature gradient perpendicular to the corridor. After 10 

minutes, the temperature distribution reached a quasi-steady state 

with the corridor approximately 40-50°C warmer than the 

peripheral regions of the core. 

 


