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Science Fields
Subdisciplines of ”at least”

Physics
Chemistry

Biology
Pre-history/History

Mathematics
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Inelastic Neutron Scattering Spectrum

Microwave            Infrared                   Visible UV
Log10 (energy transfer/cm-1)

Electromagnetic spectrum

Elastic line Vibrational neutron Spectroscopy (INS)

Magnetic scattering

Intramolecular modes
Lattice modes

Quasielastic
Scattering

Neutron Compton
Scattering (DINS)

3 1015 Hz

Geometry
Flow Depth AlbedoGeographyElevation Water



55 Open slide master to edit



66 Open slide master to edit

Geological applications go to the beginning of neutron science

1949
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The largest growth includes the topics of 
instrumentation and archeology/geology since 

they were almost non-existing in the 2006–2010 
time period

Barriga et al., (2021) A Bibliometric Study on Swedish Neutron Users 
For the Period 2006–2020. 2020, Neutron News, 32:4, 28-33. 
DOI:10.1080/10448632.2021.1999147

Anovitz, L. M., Lynn, G. W., Cole, D. R., Rother, G., Allard, L. F., Hamilton, W. A. et al. (2009)
A new approach to quantification of metamorphism using ultra-small and small angle neutron 
scattering. Geochimica et Cosmochimica Acta, 73(24), 7303-7324.

There are a LOT of Neutron Techniques Applicable to Geologic Problems
A Few Quick Examples
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• Multiscale porosity
– Changes with Space, Time, Mineralogy, Reaction
– Accessible porosity

• Disordered material structures
• Strain fields INSIDE rocks
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NDIS 
determination
of KNO3 structure
In solution 
NOMAD. SNS
(Stack et al., 2021)

With Dan Hussey and
Cyrus Daugherty (NCNR)
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• Rock and mineral magnetism
• Surface Chemistry Magnetic Excitation 

Spectrum (INS)
Black Dioptase (CuSiO3)

CNCS, SNS
Podlesnyak et al. (2019)
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Neutron/X-ray 
Tomography

Howardite
Meteorite
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et
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02

2)

Wormhole formation
2-4 mD 

Indiana Limestone
pH 0 HCl, 10 cc/min

• Fluid Flow
– Dynamic radiography

• 3D Phase Distributions
– X/N Tomographic 
     Imaging
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Skull of non-mammalian synapsid Pristerodon mackayi, Late Permian, Biesjespoort, South Africa
Neutron Tomography at Swiss spallation neutron source SINQ, Paul Scherrer Institute, 
Villigen, Switzerland. ICON cold neutron beamline.

Laass, M (2016) Acta Palaeontologica Polonica 61 (2): 267–280
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John Rakovan (2014) Neutron Diffraction Analysis Verifies 
Existence of Some of the World's Largest Gold Crystals, 
Rocks & Minerals, 89:5, 404-407, 
DOI:10.1080/00357529.2014.926175

Single Crystal Diffraction Measurements at 
Lujan Center, HIPPO Diffractometer
Los Alamos National Laboratory

“ There was no doubt that they were gold; the question was 
whether Mother Nature was responsible for their beautifully 
faceted shapes. If they were natural—and we now know that 
most of them are—there is great scientific interest in the nature 
of their crystal structures and how they may have formed, which 
was the second goal of the study. 
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A couple of longer examples

1,2) Porosity: Replacement and Dissolution

3) Ultraconfined Water
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Interface coupled dissolution and reprecipitation (ICDR):  

after Ruiz-Agudo et el., 2014

Pseudomorphism: Internal structure 
or chemical composition is 
changed but external form is 
preserved  

Diffusion:
vNegligibly slow at ambient conditions

M
inerals.net

Iro
ck

s.c
om

Limonite after Pyrite

Malachite Replacing
Azurite (Bizbee, AZ)

Gold after Pyrite
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Carthage “Marble”

Texas Cream

(Burlington/Keokuk 
limestone)

East Battlefield Overlook, 
Wilson’s Creek 

National Battlefield, MO
2.5% porosity

Permeability 2 x 10-6 mD 

Edwards Limestone, 
Segovia Member, 

I10 west of Kerrville, TX
14% porosity

Permeability 2.9-3.9 mD 
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Static, 
saturated 

replacement 
experiments

Dried & Thin 
section 

preparation
Chemical 
Imaging

(Ultra)-Small 
Angle Scattering 

Porosity 
analyses 

Reaction: 

200 °C (CaCO3 + McCl2 = CaMg(CO3)2) / MgCO3 DVs = -12.899 vol. % / -12.906 vol. % 

Saturated solutions. Cores 5/8” x 5/8” 

Carthage
Marble

Texas
Cream
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Microstructure Characterization

Time series

Static, 
saturated 

replacement 
experiments

Dried & Thin 
section 

preparation
Chemical 
Imaging

(Ultra)-Small 
Angle Scattering 

Porosity 
analyses 

Days
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SEM-BSE – Chemical composition via microprobe

Carthage marble: Low Porosity Limestone

Unreacted limestone

Magnesite rim

1mm

ICDR model is clearly insufficient – fast Transport Pathways

214 days reaction

Weber et al., 2021
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Overlay of Ca+, Mg+, ToF-SIMS Ca Mg
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Three kinds of pores: 

1) Intra-granular porosity in primary calcite
2) Inter-granular pores (several µm) between pristine calcite + replaced material 
3) Porosity between magnesite and intermediate  phase 

Unreacted 
limestone 

Reacted 
limestone BSE image

Intermediate 
phases

500 µm

Limestone

Magnesite

Weber et al., 2021

CaCO3 CaMg(CO3)2 MgCO3X(MgCO3)X(MgCO3)

Anovitz and Essene (1987)
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Pore diameter [Å]

vReplacement rim forms 

vRim porosity is higher
vMore nanopores and 

     more macropores in rim

Measurement Point (0.8mm)
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v Both low porosity limestone and dolostone show similar replacement rate

v Grain boundaries are important for replacement reactions 

v Effect of microstructure is greater than that of chemical reactivity

Low porosity
Carthage marble

Wisconsin 
Dolostone

High porosity

Texas Cream ls.

Replacement rate 
determination by 
image analyses

Weber et al., 2019
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Weathering rates 
Western Wall, Jerusalem 

(Emmanuel and Levenson 2014)

Finer-grained limestone, 
harder, less porous limestone 
(Netzer Fm.)

eroded faster than

Coarser-grained, softer, more 
porous limestone (Shivta Fm.)

Why?
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Kidron Valley, Lower slope, Mount of Olives

“Did Herod’s builders cheat him ?” Shtober-Zisu and Zissu, 2018 
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• Experiment 2
– Flow rate: 1.25 cm3/min
– Flow time: 958.917 hr.
– pH: 5.7 (CO2 from air)
– Flow amount: 71.92 liters

• Experiment 3 
– same total H+ as Exp. 1, 0.55x Exp. 2
– Flow rate: 1.25 cm3/min
– pH: 3.96
– Flow amount: 0.72 liters

• Experiment 4
– Flow rate: 1.25 cm3/min
– pH: 2
– Flow amount: 0.75 liters

• 30°C water bath, ~1 atm. 
• Samples initially dry
• One end of core polished
• (U)SANS samples cut as cross sections

27

4 limestones, 5 masks, 3 experiments
60 data sets!

Flow vessels

Constructed from VCR fittings
316 steel

Teflon lined
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1. Apparent loss of smallest pores 
2. Netzer has more small-scale porosity, less total porosity
3. Shivta shows much more relative porosity increase core and rim
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Shivta shows larger pervasive changes
Netzer only small changes near the surface
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So Far

Everything about these 
results is, 

qualitatively,
EXACTLY

What one would expect

And NOT what really happens

Shivta
     naturally, weathers much more slowly than Netzer
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Weathering rates 
Western Wall, Jerusalem 

(Emmanuel and Levenson 2014)
In the REAL world

The finer-grained, less porous 
Netzer weathers faster in than  

the Shivta 

In the LABORATORY

The Shivta weathers faster

Why?
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Netzer
Stylolites

Shivta

Netzer
Stylolites

Scale Matters
CMNESH TC

Parallel to grain boundary effects in replacement

Stylolites: Pressure solution features
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Depression of freezing points of aqueous fluids 
in 1.9 nm MCM41 (Mamontov et al., 2008)
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Excess densities of pore-confined propane, ethane, 
and CO2 in silica aerogel - 7-9 nm (Gruszkiewicz et al., 2012)

QENS Elastic Intensity Vibrating Tube Densimetry
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• Well-defined structure, not “broken” surfaces
• Varying confining chemistry, some are natural minerals
• Large crystals permit oriented measurements

What happens if we take this idea to an end-member extreme
Cage, Channel or Planar-structures 

ONLY large enough for a single fluid molecule

Water in SWNT

H2O water in 
fullerene C60

Bassanite (Plaster of Paris)Hemimorphite: 
planar H-bonds

Dioptase:
proton ordered
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• Hexagonal channel structure 3-5 Å wide
• Type I: water dipole perpendicular to channel
• Type II: water dipole parallel to channel 

– Alkalis in channel
• Gem names depend on color
• INS, QENS, ND, DINS

C
ag

e-
lik

e 
C

ha
nn

el

Aquamarine Emerald

Dom Pedro aquamarine 
Smithsonian 10,363 carats

https://en.wikipedia.org/wiki/Carat_(mass)
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Figure 7

- QǁcQ┴c

Solid line - neutron recoil spectrum for free particle of mass 
M = 1 a.u., E = ℏ2Q2/2m.

Extra intensity in the Q⏊c closely approximates the recoil line.

Greater ease of motion by water protons perpendicular to c than 
parallel to it. 

E 
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Q (Å-1)

Ei = 800 meV
S(Q,E) spectra for beryl at 6 K, Ei = 800meV, for Q⏊c ,Q||c. Difference Spectrum

Q⏊c

Q // c

OH Stretching Recoil 
Line 

SEQUOIA Spectrometer
SNS, ORNL
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Figure 5

465 meV

500 meV

Ice Ih
Q || C

Q ⊥ C

Ei = 800 meV Free water
 454 and 466 meV 

     (symmetrical/asymmetrical stretch)

500 meV - multiphonon combination   
      peak

Parallel vs perpendicular
      Debye-Waller asymmetry

Ice is “red-shifted” (softened) - 
Hydrogen bonding

Beryl is not
Beryl water is like Free Water

No evidence of hydrogen bonding of water to beryl at 5 K
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Intensities at 8.4, 12.7 and 14.7 meV strongly decrease with temperature
Increase with Q

Disappear at T > 25 K. 

Ei = 25 meV

Note Q dependence

d



4141 Open slide master to edit

5 10 15 20
0.0000

0.0005

0.0010

0.0015

0.0020

S(
Q

,E
) (

ar
b.

 u
ni

ts
)

Energy transfer (meV)

 5 K

 25 K

 45 K

 5 K

 25 K

 45 K

Q̂ c

Q||c

INS spectra of water in beryl, Ei=25 meV, comparison of neutron momentum transfer Q 
perpendicular and parallel to the c-axis. 

Ei = 25 meV

The temperature decreasing peaks are only observed in the orientation perpendicular to c
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“When you have 
eliminated the 

impossible, 
whatever remains, 

however 
improbable, must 

be the truth.”
Sherlock Holmes 

The Sign of the Four, Ch. 6 (1890)

Basil Rathbone

Jeremy BrettBenedict Cumberback

Robert Downey Jr.
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𝑛 𝐸, 𝑇 =
1

𝑒 !" #"$ − 1

Vibrational modes obey Bose 
statistics (increase with T)

(number of particles in an energy 
state):

Tunneling modes exhibit distinctive 
temperature dependence 

(decrease with T):

𝐼 𝑇 ∝
1

1 + ∑% 𝑒
!&"#
#"$

Peak at 11 meV is due to a vibrational type excitation.
Peak at 0.27 meV is unaccounted for.  (No current explanation)

Temperature dependence of remaining peaks is consistent with quantum tunneling but 
inconsistent with Bose statistics (Vibration).
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T=1.5 K with Q⟘c, CNCS spectrometer, Ei=28 and 3 meV

Therefore: The observed peaks are due to water

Ei = 28 meV Ei = 3 meV
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6

The form factor is consistent with tunneling and inconsistent with magnetism.
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Ei – 25 meV

Ei – 15 meV
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“The heat capacity of beryl is unexpectedly high at low temperatures (less than 30 K) 
for a compound with such a low mean atomic weight. …
We have no explanation for the deviation of our measured heat capacities from our 
theoretical estimates.” (Hemingway et al., 1986)

Schottky transition caused by 
Tunneling splitting ground state

𝑆"# =	$
#$

" 𝐶%
𝑇
dT
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First, a Theoretical Aside
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neutron or
x-ray

sample

detector

beam stop

wide angle scattering

small angle scattering

Q
θ

𝑝⃗&'

𝑝⃗()*

Elastic, so: 𝑝$% = 𝑝&'(

Scattering Vector: 𝑝$% + q = 𝑝&'(

Momentum of 
Incoming particle: 𝑝$% =

2𝜋
𝜆

Therefore: 𝑞 = 2𝑝$%𝑠𝑖𝑛𝜃 =
4𝜋
𝜆
𝑠𝑖𝑛Θ

Q as a
Scattering
Vector
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𝜓 𝑥 :𝜓 𝑘

:𝜓 𝑘𝜓 𝑥

Particle delocalized over two positions:

Particle localized about one position:

𝑛 𝑘

Oscillations in the 
Momentum 

Distribution n(k) are 
a signature of 

quantum tunneling
Need to go to high Q

Position Momentum

Position Momentum Momentum Probability

Born’s Rule

Fourier Pairs

Fourier Pairs

Born’s Rule
the probability density of 

finding a system in a given 
state, when measured, is 
proportional to the square 

of the amplitude of the 
system’s wavefunction at 

that state

https://en.wikipedia.org/wiki/Probability_density_function
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VESIVIO
Neutron Compton Scattering

(Deep Inelastic Neutron Scattering, DINS)
ISIS (Oxford)

High Q ~ 30 – 200 Å-1 
Small distances (0.03 – 0.2 Å)
So, data on individual atoms

High E (1-100 eV) implies short time (Fourier pairs)
Impulse Approx. - Atoms look like free

Particles with some momentum distribution

eV range neutrons

Inelastic Neutron Scattering Spectrum

Microwave            Infrared                   Visible UV
Log10 (energy transfer/cm-1)

Electromagnetic spectrum

Elastic line Vibrational neutron
Spectroscopy (INS)

Magnetic scattering

Intramolecular modes

Lattice modes

Quasielastic
Scattering

Neutron Compton
Scattering (DINS)
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!! = ℏ!
!! !!! + !!! + !!! , 

The statistical variances of n(p), 
σx = 3.66 Å-1, σy = 3.61 Å-1, and σz = 4.98 Å-1, 
yield average kinetic energy Ek as:

Yields 106 meV for water protons, 

Much smaller than in bulk water (~150 meV) 

Oriented Single crystals yield 2D Momentum Map

Projection of n(p) onto the xy plane shows the 
     6-fold symmetry.
Expected oscillations present every 60°
The additional maxima are due to proton tunneling.
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𝐽 𝑌, ?𝑞 =
1
2𝜋𝜎

𝑒) *+!
,-! C

%,/,0

𝑎%/0𝐻,%1/ 𝑌 𝑌/0 ?𝑞
When you have eliminated all which is 
impossible, then whatever remains, 
however inmprobable, must be the truth.

The oscillations or interference fringes present 
in the momentum distribution imply that the 

hydrogen atoms are coherently delocalized over 
six equivalent positions 

Around the channel, not Parallel to it
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DFT/PIMD in the ab plane: (a) protons, (b) oxygen 

Tunneling in beryl is unusual compared to other examples of molecular rotational tunneling 

     Others (methyl and ammonia groups): tunneling and non-tunneling molecules look identical.
 
     Beryl: Tunneling water protons occupy different positions from non-tunneling molecule

Molecule “looks” like a double-ended top
 Center of gravity and dipole moment are modified by tunneling
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Changing the Game

We’ve satisfied 
Mr. Holmes’ criterion

Water in Beryl tunnels
A new form of water

But what happens if 
we start to change things?
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but

It’s Astounding
Time is fleeting

And that question will have to wait for
 

Another Day

Thank You
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Additional Slides
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• Momentum transfer (Q) related to reciprocal of distance 
• Can be done on standard thin sections or powders
• Combine scattering with imaging techniques to obtain 

distributions of pore size ~1nm – 1 cm (7 orders of 
magnitude!).

neutron or
x-ray

sample

detector

beam stop

wide angle scattering

small angle 
scattering

|Q| = 4π sin θ/λ= 2π/d

Anovitz and Cole (2015) Rev. Mineral Geochem. 80, 61-164 

SANS

USANS

Q
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Measures Energy and Scattering Vector (Q)
Similar energy range to FTIR, Raman

Mostly sees hydrogen
No selection rules

Measures: 
Vibrations and Librations
Momentum distributions
Phonon Spectra
Magnetic properties

SEQUOIA Spectrometer, SNS, ORNL

Note: ~8*meV = cm-1

Incoming Neutron Ei

Scattered 
Neutron E

Scattering
Angle

Nucleus
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Replacement rate?

Pore diameter [Å]

v Replacement rim forms 

v Rim porosity is higher

v More nanopores and more macropores in rim
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• No charge
– Highly penetrating, 

• Probe nucleii
– Light atoms, isotopic substitution

• Have magnetic moment, spin
– Study magnetic materials

• Coherent scattering – structure and collective motions
• Incoherent scattering – atomic motions
• Energies similar to elementary 
   excitations

– Molecular vibrations, phonons, molecular motions

• Wavelengths similar to atomic spacing
– Structure 

• Isotopic Contrast Matching
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•Low Flux
– Relatively slow, limited time

•Larger samples
•Wrong, different contrast
•Activation
•Large Beams

– Good for integrating
– Bad for mapping, small samples

• Incoherent H-background
– Limits some studies

•X-rays see heavy atoms 
   really well
•Bad proposals!

La
rry

There he Goes Again
Getting Up on His High Horse

- Data to tell a 
   good story
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Inelastic Neutron Scattering Spectrum

Microwave            Infrared                   Visible UV
Log10 (energy transfer/cm-1)

Electromagnetic spectrum

Elastic line Vibrational neutron Spectroscopy (INS)

Magnetic scattering

Intramolecular modes
Lattice modes

Quasielastic
Scattering

Neutron Compton
Scattering (DINS)

3 1015 Hz

Geometry
Flow Depth AlbedoGeographyElevation Water
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Inelastic Neutron Scattering Spectrum

Microwave            Infrared                   Visible UV
Log10 (energy transfer/cm-1)

Electromagnetic spectrum

Elastic line Vibrational neutron Spectroscopy (INS)

Magnetic scattering

Intramolecular modes
Lattice modes

Quasielastic
Scattering

Neutron Compton
Scattering (DINS)

3 1015 Hz

Geometry
Flow Depth AlbedoGeographyElevation Water Size
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Fast Replacement for High Porosity 
Limestone

v Rim width does not correlate with porosity, complete 
replacement after 4 days

v Nearly no changes in the porosity once limestone is replaced 

High porosity limestone

Replacement rate?

Fluorite

Weber et al., 2019
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Replacement of Dolostone

ToF-SIMS SEM-EDX

v Reaction rim for dolomite 

replacement shows two 

different regions

v Replacement along grain 

boundaries and possibly twin 

boundaries

Weber et al., 2019 ACS Earth and Space Chemistry Replacement speed?



6666 Open slide master to edit

HF-5000 TEM, BF imaging + SAED

Grain Boundary? 

Weber et al., 2021
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Chemical Changes – Low/High Porosity Limestone
EPMA - High Porosity Limestone EPMA - Low Porosity Limestone 

Four different phases: 
v Magnesite (containing up to 5% Ca)
v Two intermediate phases:

v Ca0.623Mg0.377CO3 (darker gray)
v Ca0.781Mg0.217CO3 to 

Ca0.772Mg0.226CO3 (lighter gray)
v Original limestone

Two phases: 
v Magnesite (containing up to 5% 

Ca)
v Ca0.625Mg0.374CO3 to 

Ca0.629Mg0.369CO3 

à More pore space allows for 
equilibration leading to lower number 
of phases

Porosity Changes? Weber et al., 2021
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Replacement along Grain Boundaries

v Preferential replacement along grain 
boundaries 

v Acicular fluorite growth due to 
confinement?

Low porosity limestone 

SEM-EDS mappings

Weber et al., 2019
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Porosity Development with Replacement

Dolomite/magnesite rimOriginal calcite

Grain Boundary Diffusion? 

(U)SAXS

Weber et al., 2021
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Nano-Porosity Development By Replacement

Low porosity CM limestone:
v àShift to higher number of 

nano-pores in replaced 
material 

4 days

8 days

22 days

Pathways?
Weber et al., 2019
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Comparison of GB Diffusion Rate w Bulk Diffusion

v Grain boundary diffusion 

rates between ~ 10 orders of 

magnitude faster than solid 

diffusion and ~ 4 order of 

magnitude slower than self 

diffusion in aqueous solution 

(10-9 m2/s, Zhong and 

Friedmann, 1988) 

à Grain boundaries are 

important for replacement 

reactions 

-23

-18

-13

7 12 17 22

lo
g 

D
 (m

2 /s
)

1/T (x104/K)

C (100 Mpa) - Labotka et al. (2000, 2004) Ca - Farver and Yund, 1996
Mg (KH) Kent et al. 2001 Mg_FC - Fisler & Cygan, 1999
O (CO2) Labotka et al., 2000 O (H2O) Farver 1994

Charniak et al., 2010

Weber et al., 2021
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FIB Lift-Out of Grain Boundary 
Low Porosity Limestone

SEM-EDS mappings

v Targeted a potential grain boundary for TEM analyses

Replacement along Grain Boundaries?

32 days

FIB lift out location

Weber et al., 2021

top view
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Model Systems for Volume-Reducing Replacement 
Calcite (CaCO3) Replacement by Fluorite (CaF2)

§ CaCO3 + 2NH4F = CaF2 + 2NH3 + H2CO3
DVs = -33.51 vol. %

Calcite (CaCO3) Replacement by Dolomite (CaMg(CO3)2 )
§ 2CaCO3 + MgCl2 = CaMg(CO3)2 + CaCl2
      DVs = -12.899 vol. %

Calcite (CaCO3) Replacement by Dolomite (CaMg(CO3)2 )

§ CaMg(CO3)2 + MgCl2 = 2 MgCO3 + CaCl2 
     DVs = -12.906 vol. %

1)

2)
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Characterization of Microstructure

Scanning Electron Microscopy with EDS

FIB preparation à TEM +STEM 

ToF-SIMS

Electron Probe Microanalysis (EPMA)

Static, saturated 
replacement 
experiments

Dried & Thin 
section 

preparation
Chemical 
Imaging

(Ultra)-Small 
Angle Scattering 
Techniques for 

Porosity analyses 
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Small Angle Scattering for Porosity Analyses

APS Beamline 9-ID

v Fit of (U)SAXS/ (U)SANS curves to power law for porosity determination based on two phase system 

assumption (Radlinski et al., 2006)

(U)SANS/(U)SAXS curve 
(red)

Fit Function (blue)

(U)SAXS + WAXS (detection limit: 20 nm – 2 µm pores) 

(U)SANS (detection limit: 20 nm – 20 µm pores) 

Dong and Boyd, 2011

NIST
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SEM Backscattered 
Contrast

Model system 1 – CaCO3-CaF2
Varying Microstructure and Chemical Reactivity

Po
ro

sit
y

Chemical 
Reactivity 

hi
gh

lo
w

CaCO3

CaCO3

high low
CaMg(CO3)2

Solubility products:

𝑙𝑜𝑔𝐾2324" = −8.48
𝑙𝑜𝑔𝐾2356(24")! = −17.09

 
(Ball & Nordstrom, 1991)

High porosity 

Low porosity 

Dolomite



7777 Open slide master to edit

Transport Along Grain Boundary

HF-5000 TEM, STEM-EDS mapping

v Electron diffraction shows this is a grain boundary
v STEM-EDS shows high Mg content at grain boundary region

Low Porosity Limestone

Weber et al., 2021
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Dolomitization of Limestone – Grain Boundaries?

1mm

Analyses of Grain Boundary Region?

240

200

160

120

80

40

0
2001000μm

Overlay of Ca+, Mg+, 
ToF-SIMS

Ca Mg

Weber et al., 2021

Low Porosity Limestone 
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Porosity Development with Replacement
Low Porosity Limestone

(U)SAXS

v Porosity elevated in rim as expected based on molar volume change

v But no progression of rim with time as would be expected 

Reaction and porosity formation proceeds along grain boundaries 
à transport rate?

(U)SANS

Weber et al., 2021

Distance from center [mm]
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Grain Boundary Diffusion Rate 
v Fit of porosity as a function of 

reaction depth to diffusion 
equation 

𝐶( = 𝑒𝑟𝑓 9
,:;<( =(

𝐶> − 𝐶< + 𝐶< . 

Fitted diffusion coefficients for the CM

experiments.

Sample D

mm2/day

D

m2/sec

CM32 0.018 2.08E-13

CM64 0.033 3.82E-13

CM214 0.008 9.26E-14

CM317 0.010 1.16E-13

Comparison to bulk diffusion? 

(Crank, 1979), rearranged 

Weber et al., 2021
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Model System 2 - Dolomitization of Limestone

v Reaction of two limestones (high/low porosity) with saturated 
MgCl2 solution

v What are the reaction paths for dolomitization in a low 
porosity limestone? 

v Reaction conditions: 200 °C

v Low porosity limestone (a):
-100 wt% calcite with trace amounts of quartz
-1.5% porosity by fluid saturation measurements, 1.8% 
by (U)SANS

v  High porosity limestone (b):
-99 wt% calcite, 0.5 wt% sylvite and 0.5 wt% quartz
- 25% porosity by fluid saturation measurements, 8% 
by (U)SANS

SEM Backscattered Contrast

Starting Materials:

Experiments:
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Summary and Conclusions
Porosity Changes during Replacement
v Microstructure can have a bigger effect on replacement 

speed than chemical reactivity

v Grain boundary diffusion is faster than bulk diffusion and 

speeds up replacement rate in low porosity materials 

240

200

160

120

80

40

0
2001000μm

Overlay of Ca+, Mg+, 
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(J. Trewhella, unpb.)

Facilitates study of one component by rendering another “invisible.” 

When the monster came, Lola
Like the peppered moth and 

The arctic hare, remained
motionless and undetected.

Harold, or course, was 
Immediately devoured (Wang et al., 2018)



8484 Open slide master to edit

Microstructure 
vs. 

reaction rate? 

How do microstructural 
features (e.g., grain 

boundaries) influence 
replacement rate?
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INS

DINS

(U)SANS

QENS

Spin
Echo

CNCS

Neutron
Diffraction

g-Ray
Spectrometer

Neutron
Imaging

0.6 µm 0.06 Å
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1) Stylolites - aren’t present at plug scale
1) increase permeability 
2) Provide a failure plane

2) Micron scale detachment is eclipsed by larger-scale mechanical 
detachment around the stylolites.

3) This may lead to large changes in total surface area – sub µm pores 
count!

Scale and Mechanics Matter

Process Matters Too

1) Freeze/Thaw
2) Surface rocks not continuously 

exposed to fluids. There is always 
drying. Effects are unknown.

Weathering (and other geo-processes) are not just chemical
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Neutron Compton Scattering (DINS)

T.R. Prisk et al J. Low Temp. Phys. 189, 158-184 (2017).

𝐽 𝑌, $𝑞 =
1
2𝜋𝜎,

𝑒
)+!
,-! ,

%,/,0

𝑎%,/,0𝐻,%1/ 𝑌 𝑌/0 $𝑞

𝑛 𝐤	 =
1

2𝜋𝜎, ?/, 𝑒
)A!
,-! ,

%,/,0

2,%1/𝑛! −1 %𝑎%,/,0𝑘/𝐿%
/1B/,𝑌/0 6𝑘

The lineshape of the atomic 
recoil peak yields the 
momentum distribution.

Y = momentum component parallel to Q.
J  = projection of the momentum distribution (Radon transform)

Analysis by the late George Reiter
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Comparison of Grain Boundary Diffusion Rate w Bulk Diffusion

v Grain boundary diffusion rates 

between ~ 10 orders of magnitude 

faster than solid diffusion and ~ 4 

order of magnitude slower than self 

diffusion in aqueous solution (10-9 m2/s, 

Zhong and Friedmann, 1988) 

à Grain boundaries are important for 

replacement reactions 

1000              500                        300 K

10                   20                  30
1/T (*104 K)

Lo
g

 D
 (

m
2 /

s) -10

-20

-30

Al in pyroxene
(Anovitz (1991)

Ions in water

Mg in limestone 
grain boundaries

(Weber et al. 2021)

Calcite 
nanoparticles

Calcite

~Anhydrous
metagabbro

grain boundaries

Saturated
metagabbro

grain boundaries
(Carlson, 2010)

Géhin, Stack
et al., 2021)

(Cherniak, 2010)


