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Characterization of volcanic tuff
pores pre- and post-underground
nuclear detonation using ultra-
small and small angle neutron
scattering
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The ability to accurately model the subsurface transport of radionuclides is fundamental to the
remote detection and characterization of underground nuclear explosion (UNE) events. Developing
more sophisticated transport models presents a significant opportunity to enhance monitoring
capabilities, particularly in the reliable prediction of signature migration. Experimentally determined
characterization of geologic materials associated with transport properties is the pertinent base
information for such robust model development and calibration. Here, we report results from an
unprecedented study demonstrating changes to the pore and fracture network structures in geological
materials in response to UNEs over nanometer to micrometer length scales. Volcanic tuffs of five
different lithological formations from pre- and post-UNE environments were collected from the
Nevada National Security Site. Combined ultra-small and small-angle neutron scattering techniques
were used to characterize the tuff pore structure. The results demonstrate measurable differences in
the specific surface area and porosity of samples pre- and post-shot from texturally similar lithological
formations, indicating that pore properties can serve as a direct physical signature of a UNE. The
results also provide experimentally determined transport parameters in support of advanced model
development through the integration of gas migration, hydrodynamic simulations, and geologic
framework models.
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Global nuclear explosion monitoring relies heavily on capturing both prompt and delayed multi-
phenomenological signatures, such as the seismic signals and short-lived noble gas radioisotopes produced
by an explosion'™. Improved monitoring and verification are critical needs that require the development and
calibration of advanced models, with accurate, multi-scale geologic characterization, gas migration modeling,
and hydrodynamic simulations. Robust models enabling a reliable, temporally constrained prediction of gas
migration (i.e., the window of opportunity for detection), as well as the concentration of radionuclides gases that
result from an underground nuclear explosion (UNE), are crucial in advancing UNE detection, location, and
identification®®. A major step forward in developing high-fidelity, field predictive models is to calibrate and verify
modeling efforts using experimentally-derived rock property data’!. Previous modeling studies suggest that
rock properties, including fracture aperture, permeability, porosity, and saturation, have a significant influence
on subsurface gas migration pathways>*%, These properties are generally associated with the microstructure of
geologic materials including pore and fracture morphology, pore size and volume distribution, pore and fracture
connectivity, and pore surface area. Recent studies have unveiled the importance of pore scale (i.e., nanometers
to micrometers) processes on macroscopic (i.e., centimeters to meters) transport properties that consequently
affect flow migration and geophysical signal propagation on the field scale!*-!”. Furthermore, the evolution of
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pore microstructure plays a decisive role in governing interaction of fluids with reactive surfaces. For example,
previous studies show the impact of chemical processes, such as dissolution and precipitation of minerals, on
pore-fracture opening, cementation, and healing, which results in altered flow paths and reaction rates!8-22,

During and following a UNE, microstructural property variation (i.e., deformation), such as enhanced or
reduced pore-fracture networks and pore-fracture opening, closing and healing, may occur due to the rocK’s
exposure to high pressure and temperatures?, similar to observed changes in pore characteristics of condensed
material from high explosive events®~?. Many studies have observed the alteration of rock pore structure
in response to chemical and mechanical stresses such as geochemical weathering??, energy exploration and
repository science?'**32, and engineered barriers for waste isolation®*-3¢, Measurable changes in pore scale
characteristics, particularly the generation of unique microfracturing such as the induction of trans-granular
and grain-boundary microfractures and unique fracture network patterns, can be a direct physical signature of
a UNE¥. Furthermore and most critically, pore structure alteration influences macroscopic transport properties
that control gas migration and geophysical signal propagation®®*°. Therefore, pre- and post-shot experimentally
determined pore scale properties should be integrated into models to more accurately simulate radionuclide
gas transport through subsurface fractured rock to the ground surface, and subsequently into the atmosphere®’.
Improving current gas transport models will provide better constraints on radionuclide and geophysical
signature modeling for UNE detection, location, and identification®!.

While conventional measurement of permeability using flow/diffusion experiments can provide important
information on the transport properties of UNE-impacted lithological formations at macro scale®?, these
permeability measurements alone do not address the characteristics and sensitivity of the pores and pore
networks to an explosive shock wave. Determining these factors is necessary to extrapolate findings and apply
them to additional lithologies, such as those that occur at foreign test sites®. As outlined above, pores and their
network characteristics over very small scales are important affectors of rock transport properties. However,
porosity and pore size distribution estimates from traditional electron imaging, including scanning electron
microscopy (SEM), Focus Ion Beam-SEM (FIBS), and optical microscopy (OM) are limited to micro/millimeter
scales and are subject to the effects of sample preparation for such measurements*~*. Constraints in length
scales, limited fields of view and the resulting difficulty in quantifying pore morphology with reliable statistical
accuracy are additional problems that restrict the usefulness of these imaging techniques in producing data
for predictive modeling of transport properties. By contrast, combined ultra-small and small angle neutron
scattering (USANS/SANS) has been recognized as an effective technique to determine the statistical properties
of rock pore structure over broad length scales from micrometers down to nanometers*’->2. Additionally, the
penetrability of neutrons allows interrogating “bulk” and ‘intact” samples a few hundred micrometers thick.
Thus, while the length scales probed by neutrons are small, the areas interrogated are relatively large, thereby
providing a statistically significant sampling of the structure.

With this in mind, the goal of the project reported herein was to employ USANS/SANS to characterize
and compare the pre- and post UNE pore network structure of volcanic tuffs from five different lithological
formations, with the aim of determining how rock surrounding a UNE deforms upon explosion. Specific
research objectives include (i) quantification of microporosity changes; (ii) comparison of deformation extent
within different lithologies; and (iii) connection to larger-scale signature transport. Samples were collected
from rock core retrieved from a stratigraphic column of variably welded and altered tuff from pre- and post-
detonation environments at the Nevada National Security Site (NNSS)**>*. Core samples were collected as part
of the acknowledged project and no special permissions were required or obtained for their collection or use.

Sampling sites are located within the Miocene Southwest Nevada Volcanic Field, which is characterized by
silicic ash-flow tuffs, bedded tuffs, and rhyolitic lava derived from the Calico Hills Formation (Silent Canyon
Caldera, 13-14 Ma), the Paintbrush Group (Claim Canyon Caldera, 12.7-12.8 Ma), and the Timber Mountain
Group (Timber Mountain Caldera, 11.5-12.5 Ma)*’. These ash-flow tuffs are generally laterally heterogeneous
pyroclastic flow deposits and are composed of a mixture of ash, pumice, phenocrysts, and lithic fragments with
a ranging degree of welding and post-depositional crystallization. Pre-shot cores were sampled from four core
holes (UE-19b, UE-19f, UE-20c, and UE-20f, Table 1) on the Pahute Mesa near the Barnwell UNE source hole,
UE-20az (Fig. la). Samples from UE-19b, UE-19f, UE-20c, and UE-20f are from boreholes drilled prior to
Barnwell or other close UNEs, and are therefore pre-shot. Post-shot samples were taken from core hole UE-20az-
NG-4 (Fig. 1b; Table 1). This suite of samples provides a unique opportunity to better describe nuclear signature
transport related to historical testing in NNSS-relevant lithologies.

Based on a suite of lithologic properties, pre- and post-shot samples were categorized into five lithologies
(Table 1): (1) zeolitic nonwelded bedded tuff; (2) welded tuff; (3) vitric nonwelded vitrophyric tuff; (4) vitric

Lithological Unit Pre-shot Sample | Post-shot Sample
Zeolitic nonwelded tuff | UE-20c-2552 UE-20az-NG4-128
Welded tuff UE-20c-654 UE-20az-NG4-240
Vitrophyric tuff UE-19b-1022 UE-20az-NG4-470
Vitric nonwelded tuff | UE-19b-349 UE-20az-NG4-519
Rhyolitic lava flow UE-19f-1987 UE-20az-NG4-900

Table 1. Samples measured using USANS/SANS. The core depth for each sample in feet is given as the

number after the last hyphen of the core designations.
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Fig. 1. (a) Map of the NNSS showing the proximal coreholes used for pre-shot analysis. Post-shot coreholes
were taken from UE-20az-NG-4 at the Barnwell site. (b) Cross section of Barnwell and the UE-20az-NG-4
corehole.Reprinted with permission from Swanson et al.¥”.

nonwelded bedded tuff; and (5) rhyolitic lava. We aimed to match pre-shot sample lithologies to the Barnwell
post-shot samples as closely as possible using observations of mineralogy and texture. There is however some
geologic variability and therefore not all the differences between pre-shot and post-shot samples can be attributed
to effects from the UNE, as outlined in the discussion section below.

Results

Dimensional model description of pores in tuffs

The fractal model fit tool in Irena v.2.32, was used to carry out the best fit calculation of the particle/aggregate
structures from power law exponents of the combined USANS/SANS data®>. This model fits the USANS/SANS
data into separate domains with different power law scatter, separated by inflections or knees that delimit the
power law domains. This analysis is based on the dimensional considerations outline in the Methods section but
works well regardless of the interpretation of the power law. More information on this fitting can be found in
Section S2 of the Supporting Information (SI). Scattering intensities calculated based on these models are plotted
as the fitted curves in Figs. 2, 3, 4, 5 and 6 directly under the scattering data. Parameters derived from fitting the
data to the model can be found in Table 2. These derived values provide a quantitative measure of particle and
aggregate properties (i.e., pore properties) of tuff samples.

Most model parameters show little change between pre- and post-shot samples among lithologies that have
good geologic matches: welded tuff, vitric nonwelded tuff, and vitrophyric tuff. There is a large difference in S, the
surface to volume ratios, between pre-shot and post-shot samples for the zeolitic nonwelded tuff and rhyolitic
lava lithologies. These samples are the two lithologies with the greatest mismatch in geologic context for pre-shot
and post-shot samples, as described in the Discussion section. Thus, this parameter may be strongly affected by
other geological histories such as alteration, whereby secondary minerals reduce pore volume but maintain pore
surface area.

Given the nature of these samples, it is difficult to distinguish UNE-induced changes from diagenetic
variability. This challenge has been described in more detail in Swanson et al.*”. One reason for this challenge
is that similar microtextures can be produced by multiple processes, and thin sections sample only a small
window of a rocK’s history. Quantification is additionally limited by the lack of a true “pre-event baseline” for
that exact rock volume and by natural heterogeneity. For this reason, while we can point out where a clear
mismatch appears to be present, this is not a characteristic which can be assessed quantitatively. Additionally,
recommendations are made in the Conclusions for developing a future framework for improved discrimination
of these effects.

The three lithologies with good matches in geologic context all show a modest reduction in S. This is
unexpected, since pore collapse may be expected to reduce volume and maintain surface area, which would
increase S. Of the three lithologies with good matches in geologic context, there is a mixed response of r, the size
of individual scatterers, with one sample decreasing, one sample increasing, and one sample remaining the same.
This suggests a minimal change in size of individual scatterers between pre- and post-shot samples.
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Fig. 2. Zeolitic nonwelded tuff pre- and post-shot samples, (a) combined USANS/SANS scattering curves,
(b) pre-shot SEM image, (c) post-shot SEM image, (d) pre-shot thin section image, (e) post-shot thin section
image.
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Fig. 3. Welded tuff pre- and post-shot samples, (a) combined USANS/SANS scattering curves, (b) pre-shot
SEM image, (c) post-shot SEM image, (d) pre-shot thin section image, (e) post-shot thin section image.
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Fig. 4. Vitric nonwelded tuff pre- and post-shot samples, (a) combined USANS/SANS scattering curves, (b)
pre-shot SEM image, (c) post-shot SEM image, (d) pre-shot thin section image, (e) post-shot thin section
image.
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Fig. 5. Vitrophyric tuff pre- and post-shot samples, (a) combined USANS/SANS scattering curves, (b) pre-
shot SEM image, (c) post-shot SEM image, (d) pre-shot thin section image, (e) post-shot thin section image.
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Fig. 6. Rhyolitic lava flow pre- and post-shot samples, (a) combined USANS/SANS scattering curves, (b) pre-
shot SEM image, (c) post-shot SEM image, (d) pre-shot thin section image, (e) post-shot thin section image.

Pre-shot NAF | NA NA NA 2.73 | 45 100,000 | Decreases in scatterer size suggest pore

Zeolitic nonwelded collapse, while increases in S suggest the

tuff Post-shot | 2.50 | 16,000 | 0.003 60,000 | 2.50 | 290 9000 | formation of new scattering surfaces such

as microfractures.

Welded tuff Pre-shot | 240 | 20,000 [ 0.003  |60,000 |250 |350 8000 | Scatterers were bigger, yet have a smaller
Post-shot | 2.45 | 20,000 | 0.005 60,000 | 250 | 250 11,000 | S post-shot, suggesting deformation.

Vitrophyric tff Pre-shot | 2.40 | 40,000 |0.003 100,000 | 2.80 | 60 50,000 | Seatterer were smaller and had a smaller
Post-shot | 2.80 | 60,000 | 0.005 100,000 | 2.70 | 28 30,000 | S suggesting pore collapse.

Vitric nonwelded | Pre-shot NA | NA NA NA 255 | 80 50,000 | Minimal changes in pore structure

tuff Post-shot |NA |NA | NA NA 2.55 | 68 50,000 | observed.

Rhyolitic lava flow Pre-shot 2.50 | 20,000 | 0.006 60,000 | 2.55 | 550 8000 Large decrease in S despite similar scatterer
Post-shot 2.40 | 20,000 | 0.005 60,000 | 2.40 | 30 8000 | size, suggesting significant porosity loss.

Table 2. Model parameters fitted to scattering curves. °D_: Mass fractal dimension. P : Size of the fractal
particle. °P_: Volume of particles. “R: Distance between particles, which gives the size of the fractal aggregates.
D, Surface fractal dimension. fS: Surface area to volume ratio. 8r: Size of the individual scatterers. "NA: not
applicable. Italic indicates poorer match in geologic context of pre- and post-shot samples. Thus, non-italic
lithologies are more likely to show changes due to the UNE.
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Porosity of tuffs derived from neutron scattering data

Neutron scattering is a well-established method to provide porosity for condensed materials including rocks
and high explosives?®?”450, Numerical computation used to derive porosity of a sample from its scattering data
is based on standard results of small angle x-ray scattering (SAS) theory, known as the Kratky transform™. The
integral of this transformation, assuming a two-phase (empty pores/voids and rock matrix) isotropic material, is
the invariant, INV, and the porosity ¢ is obtained from the invariant as:

INV = [ QT@dQ=2n%(Ap) ' (1-9) W
[¢

where Ap, the scattering contrast, is the difference in the scattering length density between the solid phase and
the pore. The use of the invariant removes the ambiguity of the dimensional model, as the integral measures
the volume fraction of the pore phase, to the extent that is measured in the combined SANS/USANS vignette,
regardless of the source of the scattering power law.

The neutron scattering length density for each phase of pseudo-molar mass M is:

Nad
=— iDj E i8ibi
i P ( )j

)
where N4 = 6.022 x 10°® is Avogadro’s number, d is density (in g/cm?), s; is the proportion by number of
nucleus i in the compound j, p; is the proportion by molecular number of the compound j in the mixture, and
bi is the coherent scattering amplitude for nucleus i.

To calculate p for tuffs from Eq. 2, we assume the matrix of tuff is composed of mixtures of oxides, Z M,O,.
Instead of atomic proportion, p; here is the oxide molecule proportion. The chemical composition as oxide
forms for each tuff sample were measured using XRF and given in wt% in Table S1 in the SI. For 100 g molar
weight (M) of the mixture, M= Y ;(owide proportion); x (oxide mass),. The scattering length density,
p, can be calculated from Eq. 3 by substituting N 4 = 6.022 x 1023, d from Table 3 (obtained from direct
measurement on core samples), M=100 g, and the Z :8;b; value in Table S2 in the SI, which was obtained for
every oxide using data reported from Sears®. The invariant (INV) values of every scattering curve were obtained
from analysis of the results of fits using the unified model (Eq. S4) in Figs. 2, 3,4, 5 and 6°’. Table 3 lists calculated
p from Eq. 2, invariant values obtained from each curve fitting using the unified model, and porosity calculated
from Eq. 1. Parameters fitted to scattering curves are provided in Table 2.

As seen from Table 3, porosity of zeolitic tuff post-shot increased by about 49% (UE-20c-2552 vs. NG4-
128), whereas the porosity of rhyolitic lava post-shot decreased by more than 80% (UE-19f-1987 vs. NG4-900).
It is important to note here that interpretation of the difference between pre- and post-short porosity must
consider the fitness of the sample geologic match, as outlined in the Discussion section below. The overall trend
of porosity decreasing post-shot did match previous observations from core-scale porosity measurements for
all samples other than zeolitic tuff (Table 3). While the magnitude of the measured porosity differed for our
USANS/SANS derived values, this can be attributed to the fact that USANS/SANS is able to measure both open
and closed porosity, unlike traditional porosimetry approaches which can only measure fluid-accessible pores™.
As a result, USANS/SANS porosity can be higher for samples with abundant nanopores. Additionally, measured
porosity using USANS/SANS is limited to void structures smaller than the upper measurement limit of 3 um,
meaning some porosity contributions from larger voids are not full accounted for.

Reported
Invariant SANS/USANS Reported | Permeability
Lithology Pre- or post-shot | SLD p (-10'°%cm~2) | Density d (g/cm?) | (- 10! cm™%) | Measured Porosity, ¢ | Porosity* | (mD)®
Pre- 2.14 1.53 1.13 0.147 0.362 0.15
Zeolitic nonwelded
tuff Post- 317 210 3.84 0.199 0.128 1.24 from 2 ft
away
Pre- 3.35 2.29 4.37 0.272 0.094 0.47
Welded tuff
Post- 3.38 2.25 3.53 0.195 0.088 1.1,0.63
Pre- 3.50 2.33 3.53 0.177 0.033 0.000075
Vitrophyric tuff
Post- 2.34 1.60 0.59 0.058 0.011 N/A
Vitric nonwelded | Pre- 174 1.20 0.59 0.113 0.485 62
tuff Post- 1.75 1.20 0.59 0.111 0.405 57.6, 83
Pre- 3.46 2.31 4.52 0.260 0.086 0.00033
Rhyolitic lava flow
Post- 3.32 2.30 0.98 0.047 0.026 0.18

Table 3. Calculated scattering length density, p, from Eq. 3, invariant values obtained from each curve fitting
using a unified model, and porosity calculated from Eq. 2. The SLD of the pore, which is used to calculate the
scattering contrast, Ap, is assumed to be 0. Italic lithologies have poor matches in geologic context between
pre- and post-shot samples and may reflect differences in alteration as well as UNE-induced changes. *from
SAND report and USGS ds297; ’from SAND2018-9134 Report (Broome et al. 2018), SAND2019-14378 Report
(Heath et al. 2019), and “From ng4+6_Permeability summary_12-7-2015 by Broome”.
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Discussion

Alteration of NNSS-relevant lithologies

Zeolitic Nonwelded Tuff

Inspection of the USANS/SANS data shows that post-shot zeolitic nonwelded tuff (Fig. 2) has a smaller scattering
intensity relative to the pre-shot equivalent, by a factor of 2 to 3, for Q-values below an inflection point around
Q=2.3x10"* A~L. If this difference is due to the UNE, it would suggest some degree of pore or void collapse over
the USANS accessible length scales between 0.43 and 3.3 pm. The pre-shot sample is best fit by a single power law
with 7=3.25 over the Q range of 4x 10~ to 4.6 x 10~ A~1, comprising ten orders of magnitude in I(Q). On the
other hand, the post-shot sample appears to have 3 distinct power law domains. For Q less than 2.1 x10~* A~,
n=2.61£0.01. Over the intermediate Q of 3.1 x10™%t0 2.7x 1072 A~1, n=3.1. Over larger Q, 2.7x 10~ t0 0.029
A1, the power law slope steepens to n=3.7.

Welded Tuff

Similarly, for the welded tuftf samples, we divide the USANS/SANS data into power law domains defined by
inflection points (Fig. 3). For Q less than 2.1x 10~* A1 in welded tuff, the value of 7 indicated a slight difference
in dimension of 2.54+0.01 for the pre-shot sample compared to 2.71+0.01 for the post-shot sample. Over an
intermediate Q-domain, 3.1 x 10~%to 2.1 x 10~ A1, the fits gave a slight difference in the exponent of 3.45 +0.02
for pre-shot and 3.56 +0.02 for post-shot samples. Over the largest Q-domain, 3.8 x 1073 to 3.4 x 1072 the values
are essentially identical, with n=3.67£0.01 and 3.69+0.01 for pre- and post-UNE samples, respectively.

Vitric Non-welded Tuff

Vitric nonwelded bedded tuff also showed fairly consistent power law scattering over the entire domain (Fig. 4).
From Q equal to 5.5x 1075 to 2.5x 10 A~1, where there is a slight inflection, the n values were 3.34+0.01
and 3.34+0.01 pre- and post-shot; for 3.1x107* to 2.3x 10”3 A~ the exponents are 3.64 +0.02 and 3.68 +0.03
pre- and post-shot; and finally for Q-values from 1x 1073 t0 2.7 x 1072 A~! n=3.38+0.01 and 3.39+0.01 for the
pre- and post-shot samples.

Vitrophyric Tuff

The vitrophyric tuff lithology shows a distinct difference between pre-shot and post-shot samples (Fig. 5). The
largest and smallest values of Q show a factor of 4 difference in intensity, with the pre-shot sample having higher
Q values than the post-shot sample. This factor of 4 difference applies over the Q-domain below the inflection
at 3.4x 1075 A~! and for Q above 3.3x 107A!. In the intermediate Q-domain, the difference was about a factor
of 2 between the pre- and post-shot samples. Detailed features of the combined SANS and USANS data are
sufficiently subtle that it could result in over fitting the data in domains with different values of #; thus, these
data are best fit through the linear double-log region between 3.9x 10~ and 2.7 x 102 A~1, giving n=3.14 and
3.22 for the pre- and post-shot samples, respectively, over ten orders of magnitude in intensity. The region in
the pre-shot sample that is lower in intensity for Q between ~4x10~* and ~2x 10~ A~! shows # = 3.1, a value
not significantly different from that determined over the large Q domain. These differences in the USANS/
SANS scattering curves indicate pore and void collapse with a stronger length scale dependence relative to other
lithologies.

Rhyolitic lava

Lastly, rhyolitic lava flow showed the most significant difference in intensity, with pre-shot samples having
intensity values a factor of ~ 14 higher than post-shot samples over most of the measured Q-domain (Fig. 6). The
pre-shot data show inflections at 8 x 107, 2.1 x 10~ and 2.2 x 10~ A1, with the power law 7 being 3 in the lower
Q-domain and 3.5 over larger Q. At the low-Q portion of the USANS post-shot data, there are two inflection
points at 9x 1075 and 2.1x 10~* A~Y, suggesting a crossover in the scatter from components with characteristic
sizes of about 1 um and about 0.47 um, respectively. The value of n over each of these limited domains is 3.0.
Over larger Q, the scatter falls off with a single power law over six orders of magnitude in intensity between
Q=2.9x10"*and 0.018 A~', with 7n=3.6 £0.01 for both the pre- and post-shot samples.

It is important to note in our interpretation that the differences in characteristics as seen in the USANS/
SANS data may not be entirely attributable to the UNE. In particular, while welded tuff, vitric non-welded tuff,
and vitrophyric tuff showed close texture match between pre-shot and post-shot samples, this was not the case
for the zeolitic tuff and rhyolitic lava. The post-shot zeolitic nonwelded sample came from a sample depth of
only 128 feet and has a substantially lower zeolite content, in contrast to the pre-shot sample coming from a
depth of 2552 ft and being highly zeolitic. Because of secondary alteration, it would be expected that the deeper
sample (pre-shot) has lower porosity, and perhaps smaller pores, than the shallower sample (post-shot). Thus,
for zeolitic nonwelded samples, it is ambiguous whether these differences relate to the geologic environment, to
the UNE effects, or a combination. For rhyolitic lava, the pre-shot sample shows significantly more secondary
alteration than the post-shot sample. Thus, for these two lithologies, it is ambiguous how much of the difference
in USANS/SANS curves is due to geologic alteration, and how much may result from the UNE.

Based on the interpretation of dimensional models as described in the Methods section below and in Section
S2 of the SI, we conclude that over length scales smaller than 0.36 pm, the scatter from rhyolitic lava, welded
tuff and zeolitic nonwelded bedded tuff results from rough interfaces or power law-like void and pore size
distributions. Above this length scale, voids and pores show scaling consistent with networks of channels. On
the other hand, scatter from vitric nonwelded vitrophyric and vitric nonwelded bedded tuffs appears to result
from surfaces or from pore void size distributions with no obvious contribution from mass fractals. Rhyolitic
lava, vitric nonwelded vitrophyric and zeolitic nonwelded bedded tuffs showed different degrees of length scale
dependent susceptibility to UNE shock, with rhyolitic lava having the most substantial evidence of pore crush,
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while welded and vitric nonwelded bedded tuffs showed no evidence of pore crush. However, it is important
to note that for rhyolitic lava and zeolitic tuff, changes in power law may also be attributed to other geological
factors such as alteration.

Changes in porosity derived from neutron scattering

The relationship between changes in specific surface area (SSA) and porosity from USANS/SANS methods as a
function of depth is shown in Fig. 7. These changes are calculated as the difference between natural (i.e., pre-shot)
and shocked (i.e., post-shot) formations. The loss in surface area and porosity is largest for rhyolitic tuff, which
is located at a depth of approximately 900 feet below the surface and is therefore closest to the explosive source.
Meanwhile, zeolitic tuff, the only sample to demonstrate a gain in surface area and porosity, is farthest from the
explosive source and is located at a shallower depth. It is possible that the closer proximity to the explosive source
and a higher depth (i.e., higher overburden pressure) contributed to the more significant reduction of porosity
and surface area for rhyolitic tuff, although pre-existing textural differences, including substantial differences in
zeolite content, may also have played a role for this lithology™°.

Porosity is related to tortuosity according to the Millington-Quirk (MQ) empirical relationship®:

T =" (3)

where 0 , is the air-filled porosity (m*/m?), defined as the volume of air divided by the total volume of rock
(alternatively, 6, = (1 —.S)0, where S_ is liquid saturation (m*/m?)), and ¢ is the porosity (m*/m?).
Tortuosity is further related to effective diffusivity according to:

Dett = 7 Drree (4)

where Deg is the effective diffusion coefficient and Drree is the free-air diffusion coefficient. While these
relationships can give some insight into the expected gas transport through UNE-impacted tuff samples, it is
important to note that core- to field-scale transport is much more complicated and will be controlled by fracture-
matrix interactions, rather than matrix transport alone®!.

Comparisons with larger-scale observations

The samples discussed here have had larger-scale observations previously published for permeability and
porosity®?, mechanical properties*?, and microfracture density®’. A comparison of these observations at different
scales can give greater insight into the specific deformation mechanisms that occur within each lithology.

Figure 8 presents the measured changes in pore scale properties (porosity and specific surface area), as well
as the macroscopic transport property of permeability, which was obtained from direct measurement on the
core sample as part of the Underground Nuclear Explosion Signatures Experiment (UNESE)*2. Zeolitic tuff
and rhyolitic lava represent end members in terms of their individual responses to a UNE, with zeolitic tuff
demonstrating the only increase in porosity and SSA, where rhyolitic lava had the largest decrease in both
parameters. However, as mentioned previously, these two lithologies have the poorest textural correlation
between pre-shot and post-shot samples.

Porosity values calculated from USANS/SANS techniques are fairly different from porosities measured in
the lab, as reported in Table 3. Since they are measuring at different scales, this is not unexpected. The USANS/
SANS technique is only sensitive to pores with sizes smaller than about 3 pm, whereas the lab-based porosity
measurements are only sensitive to pores that are sufficiently large and connected for mercury or nitrogen to
reach them®. There is also an apparent difference in the direction of change between pre- and post-shot zeolitic
nonwelded samples between SANS-derived porosities (increase) and lab-derived porosities (decrease). This
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Fig. 7. The change between pre- and post-shot specific surface area (a) and porosity (b) in percent as a
function of depth to explosive source (~ 2000 ft BLS). Zero indicates no change, negative values indicate a
decrease, and positive values indicate an increase. Note that rhyolitic tuff at a depth of 900 ft and zeolitic tuff at
a depth of 128 ft span the sampling depth range.
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Fig. 8. Comparison between pre- (blue bar) and post-shot (orange bar) formation properties for (a)
permeability, (b) porosity, and (c) specific surface area. Permeability was experimentally measured using a
number of core samples from the same lithology at 500 psi confining pressure. Pre-shot permeability was not
measured for a comparable vitrophyric tuff sample. The porosity (b) and specific surface area (c) represent
small angle neutron scattering results from this study.

indicates that the nano- and micro-scale behaviors may be different for this rock type. That being said, there
are substantial differences in alteration between these samples, with the post-shot sample having a much lower
zeolite content as compared to the pre-shot sample. The other four lithologies show either a decrease, or no
change, in porosity from both measurement techniques.

Despite these differences, all formations showed a higher permeability in the post-shot samples relative
to the pre-shot equivalents. Most lithologies (except zeolitic tuff) showed a decrease in both SANS-derived
and core-scale porosities for post-shot samples relative to pre-shot samples, as well as SSA. Thus, porosity and
SSA do not necessarily directly scale with permeability. Core-scale permeability increase despite decreases in
porosity and SSA indicates that the differences in these samples are scale-dependent®®. One possibility is that
the smaller pores are crushed in a way that connects larger scale pores and/or fractures. In particular, crushing
of grains and collapse of fine pores can concentrate stress along grain boundaries and within grains, promoting
the development of transgranular microfractures. These microfractures can bridge otherwise isolated pores,
effectively short-circuiting the pore network and increasing hydraulic connectivity despite an overall reduction
in porosity. Swanson et al*’. found an increase in transgranular microfractures across all examined lithologies
in post-shot samples relative to pre-shot equivalents, supporting the interpretation that UNE-induced damage
increases the connectivity of pores and fractures. At the core scale, permeability is strongly controlled by the
presence and connectivity of the most conductive pathways rather than by total pore volume. Thus, even a

Scientific Reports |

(2026) 16:10109 | https://doi.org/10.1038/s41598-026-40996-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

modest increase in the density or connectivity of microfractures can disproportionately increase permeability,
negating the effect of porosity loss at the matrix scale.

SANS and USANS data reported here have the potential to better understand one of the enigmas reported
by Swanson et al*’. that the vitric nonwelded tuff, which has, by far, the lowest strength of all the lithologies*?,
has either a minimal increase in microfractures, or no increase in microfractures for post-shot samples over pre-
shot equivalents. There are no deformation bands, the type of deformation expected from tectonic processes®,
either. This observation begs the question: if this rock is so weak, why is the deformation so minimal? The SANS
and USANS data show the same pattern as the larger-scale observations: very little change in either porosity
or SSA between pre-shot and post-shot samples in the very weak, vitric nonwelded bedded lithology. This may
lend support to the possibility that the vitric nonwelded bedded rock samples happen to be located between the
near-source, high strain region, and the near-surface spalled region that experienced tensile stresses. The post-
shot vitric nonwelded bedded sample thus encountered lower stress than other lithologies. However, it is still
possible that this lithology deforms via a mechanism that does not lead to measurable changes in any of these
observations.

Conclusions

In the current study, we demonstrate that there are differences in rock properties between post-UNE samples
and pre-UNE equivalents at very small scales (<5 pm) measurable from SANS and USANS techniques. For
all samples other than zeolitic non-welded tuff, nanoporosity and specific surface area decreased in post-UNE
samples. While this may have the potential to hinder gas transport within rock matrices, on the larger scale, UNE
detonation increased core-scale permeability likely due to larger fracture formation. However, changes in both
permeability and porosity were much smaller for vitric nonwelded tuff compared to other lithologies, suggesting
that this rock type is more resistant to explosive deformation.

The development of a decision framework is needed that can explicitly separate UNE-induced changes from
pre-existing diagenetic or alteration variability. This approach should first define a set of measurable attributes
expected to vary with UNE occurrence (e.g., nanoporosity/SSA as observed in this study, microfractures, mineral
phase changes, etc.). Next, control samples must be attained to determine consistency of these attribution
changes across samples with known diagenetic histories. Finally, a transparent classifier should be employed to
determine the probabilities that observed changes are explosion-induced or a result of pre-existing variability.
Such an approach will require detailed physical and chemical analyses of many more samples but will be an
important undertaking and is supported by our preliminary observations.

Discerning how rock surrounding a UNE deforms upon explosion is important for detecting and
characterizing a UNE®. Previous models of post-UNE signature transport often ignore damage zone extent or
assume simplistic geometries without accounting for lithologic variability, undermining realistic modeling of
gas migration®. The novel observations presented here of nanoscale pore response to UNEs provide additional
insight into rock matrix deformation by subsurface explosive stresses. More work is needed to understand how
these microporosity changes contribute to field-scale signature transport, particularly through the integration of
these responses into larger scale models.

Methods

Sample preparation

Additional core and thin section images of samples can be found in Figure S1 in the SI. To prepare samples for
USANS/SANS measurement, an intact, uniformly cut, 0.3 mm thick, cylindrical, @25 mm slice was cut across
the core axis from each core section. These slices were mounted with epoxy on quartz plates for USANS/SANS
measurements. To further place the USANS/SANS samples in context, SEM and optical micrographs were taken
and are presented with the scattering data in Figs. 2, 3, 4, 5 and 6.

USANS/SANS Measurements

. An incident neutron
wavelength (1) of 8.4 A was used with a wavelength spread AM/A of 0.13. The scattering intensity, I(Q), of a
sample was measured at three different sample-to-detector distances (1.33, 5.0, and 13.17 m), with MgF, lenses
employed at 13.17 m distance to extend the measured Q-domain down to 0.001 A~'. This provided sufficient
overlap with the USANS data. I(Q) is a function of the scattering wave number, Q (A™"), which is defined as Q =
4mA~'sin(6), where 0 is half of the scattering angle. The Q-range of the measurements was from 0.001 to 0.4 A=,
This measurement domain corresponds to length scales from approximately 100 nm to 0.25 nm®.

USANS measurements were performed on the same samples using the BT5 instrument at NCNR®. This
instrument uses a pair of three bounce, channel cut, perfect silicon (2 2 0) crystals, one as monochromator and
the other as an analyzer. The incident neutron wavelength was 2.38 A with a wavelength spread, AM/\, of 0.059.
The usable Q-range of the measurements was from 3 x 10~ to 3 x 10~ > A~1, which corresponds to length scales
from approximately 3.3 um to 33 nm, respectively. USANS data were corrected for slit smearing using the Lake
algorithm”® incorporated in the NCNR data reduction software’!. It is important to note that this desmearing
method can amplify noise, leading to artifacts such as oscillations in USANS spectra. As described in Section S1
of the SI, these artifacts did not affect our interpretation. SANS and USANS were merged after being placed on an
absolute scale of differential scattering cross section per unit volume, I(Q) (cm™1), using the direct beam protocol
in the NCNR data reduction package, after subtracting the reduced background from a quartz slide coated with
the epoxy adhesive used to mount the samples. The SANS for all samples showed isotropic scattering; thus, the
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SANS data is presented as the azimuthal average and results from the Lake algorithm desmeared USANS data
were used without rescaling”.

Neutron transmissions for the SANS measurement were measured to be above 0.93, indicating the absence
of multiple scattering. Transmission values for the USANS measurements were between 0.64 and 0.88, within
a range where some multiple scattering is present over the lowest Q-values. Multiple scattering may distort the
scattering data, complicating data analysis’>. However, transmission values measured for these samples indicate
that USANS interpretation is not significantly affected?®. To confirm this assessment, additional measurements
were carried out for a few samples with thickness 100 um. The reduced USANS data were identical to those of
the thicker samples, indicating that multiple scattering did not significantly affect the data. The advantages of
using thicker samples include: ease of sample preparation, higher scattering intensity, and a more representative
sample volume.

Neutron scattering curve interpretation
Combined USANS and SANS curves for each pre- and post-shot lithological unit and their correspondent SEM
images (b: pre-shot, c: post-shot) and thin section images (d: pre-shot, e: post-shot) are presented in Figs. 2, 3, 4,
5 and 6 in the Discussion Section. Model fits, described below, are plotted with the scattering data.

The scattering curves, I(Q), show power-law behavior over specific Q-domains as:

A

I(Q)Z@

+B (5)

Here, A is the log-space intercept, I(Q = 0), and B is the Q-independent incoherent background scattering
intensity. Scattering data may contain more than one power law domain. If present, each domain is delimited in
the USANS/SANS data by inflections or “knees” at specific Q-values. The changes in slope represent transitions
in the scattering profiles from different structural levels of the sample, typically in a hierarchy. The presence of
crossovers implies that these structural components have very different characteristic sizes; thus, they contribute
to different domains in Q. The Q-value of the crossover corresponds to the inverse of the characteristic size of
the smaller structural level””. An assessment of the exponent, 1, describing any given Q-domain in the scattering
curve, therefore gives information on the rock pore and void morphology and connectivity in different
lithographic formations, as well as indicates any changes that may occur due to a UNE.

Previous studies have shown that systems comprised of particles (i.e., herein voids and pores) typically
arrange into hierarchical geometries of structures?®4%7475, In these cases the exponent defines a dimensionality
of the features leading to the scatter: the shape or mass dimension is defined as D = n, which is used to quantify
the network dimension of the scatterer; the surface dimension, D, is equal to 6 - n, which is used to quantify
roughness of the scattering surface. In this interpretation, power law scatter with exponent #n < 3 is due to the
overall shapes, sizes and connectivity of the voids or pores. However, in geological samples, the dimensional
interpretation of power law scattering is ambiguous, as they can also be attributed to size distributions, such as
log-normal distributions, of pore and void sizes, and this is often taken to be the case?®%%76, The interpretation of
power-law relationships in Eq. 1 with n values greater than 4 is less so. Such values are consistent with scattering
from surface structures, in this case the surfaces of pores, cracks and fractures, and voids. While values greater
than 4 are typically associated with surface geometry”””8, those between 3 and 4 are associated with surface
roughness or polydispersity*>’®. From these considerations, inflections and “knees” (i.e., visibly bends in the
USANS/SANS spectra), which delimit the different n-values, define the length scales where scattering reflects
changes in the scatter source from the surface to pore size distributions and/or mass geometries.

Data availability
The datasets generated and/or analyzed during the current study are available in the Zenodo repository, https://
doi.org/10.5281/zenodo.17613298.
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