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ABSTRACT

Detection and verification of underground 
nuclear explosions (UNEs) can be improved 
with a better understanding of the nature 
and extent of explosion-induced damage in 
rock and the effect of this damage on ra-
dionuclide migration. Much of the previous 
work in this area has focused on centimeter- 
to meter-scale manifestations of damage, but 
to predict the effect of damage on permeabil-
ity for radionuclide migration, observations 
at smaller scales are needed to determine de-
formation mechanisms. Based on studies of 
tectonic deformation in tuff, we expected that 
the heterogeneous tuff layers would manifest 
explosion-induced damage differently, with 
welded tuffs showing more fractures and 
nonwelded tuffs showing more deformation 
bands. In comparing post-UNE samples with 
lithologically matched pre-UNE equivalents, 
we observed damage in multiple lithologies 
of tuff through quantitative microfracture 
densities. We find that the texture (e.g., from 
deposition, welding, alteration, etc.) affects 
fracture densities, with stronger units frac-
turing more than weaker units. While we see 
no evidence of expected deformation bands 
in the nonwelded tuffs, we do observe, as 
expected, much larger microfracture densi-
ties at close range (<50 m) to the explosive
source. We also observe a subtle increase in 
microfracture densities in post-UNE sam-
ples, relative to pre-UNE equivalents, in all 
lithologies and depths. The fractures that are 
interpreted to be UNE-induced are primarily 
transgranular and grain-boundary micro-
fractures, with intragranular microfracture 
densities being largely similar to those of pre-
UNE samples. This work has implications 

for models of explosion-induced damage and 
how that damage may affect flow pathways 
in the subsurface.

INTRODUCTION

The ability to detect and verify an under-
ground nuclear test is of great importance for 
national and global security. One way of moni-
toring for nuclear tests is through the detection 
of radionuclides, which are produced by the 
nuclear explosion and may reach the atmosphere 
after migration through pathways in the rocks 
(e.g., Carrigan and Sun, 2014). These pathways 
include those fractures formed via both natu-
ral (primarily thermal and tectonic) processes 
and explosion-induced damage. To improve 
the ability to identify, locate, and characterize 
underground nuclear explosions (UNEs), a bet-
ter understanding of the behavior of the rock 
response to natural and explosion-induced dam-
age, and how that response manifests as observ-
ables, is required (Jordan et al., 2015). To this 
end, a multidisciplinary, multiorganizational 
project called the Underground Nuclear Explo-
sion Signatures Experiment (UNESE) was con-
ducted and involved the collection and analysis 
of rock samples from coreholes in the vicinity of 
two legacy UNEs.

A key “smoking gun” for detecting under-
ground nuclear explosions is the detection of 
certain radionuclide gases (Carrigan and Sun, 
2014), which can break through to the surface 
days to months after the explosion. Predicting the 
timing of radionuclide release is important, but 
it is challenging to model and heavily dependent 
on the predicted damage (Jordan et al., 2015).

Two aspects of the damage zone are important 
for the detection and verification of UNEs: the 
extent and the effect on permeability. Regard-
ing the extent of the damage zone, there is little 
consistency in how this is modeled in radionu-
clide gas migration studies. Some radionuclide 
gas migration studies do not include explicit 

damage zones at all (e.g., Carrigan et al., 1996; 
Lowrey et al., 2013); other such studies either 
use limited, simplified spherical damage zones 
or narrow cylindrical collapse zones (Sun and 
Carrigan, 2014; Bourret et al., 2019; Carrigan 
et al., 2020). Collectively, these studies show that 
a lack of understanding of the lithologic control 
on UNE-induced damage is hindering the abil-
ity to more realistically model radionuclide gas 
migration from nuclear tests.

The Nevada National Security Site (NNSS; 
formerly the Nevada Test Site) is the host to an 
extensive suite of legacy underground nuclear 
explosions (U.S. Department of Energy, 2015), 
many of which occurred in volcanic tuffs. Previ-
ous work has identified damage within tuffs in 
relation to expected, simplified damage zones 
(Wilmarth, 1959; Carroll and Lacomb, 1993; 
Martin et  al., 1993; Pawloski, 1999; Prothro 
and Warren, 2001), but they lack a systematic 
analysis of how damage may vary due to het-
erogeneities within the tuff layers. Identifying 
damage in a volcanic tuff sequence is particu-
larly difficult because the subsurface layers are 
heterogeneous, with an enormous range of 
physical and mechanical properties (strength, 
porosity, seismic velocity, etc.; e.g., Martin et al., 
1993; Moon, 1993; Riley et al., 2010; Broome 
et al., 2019). This leads to significant challenges 
in identifying UNE-induced damage, which 
can produce changes in physical and material 
properties that are still within the wide range of 
those of undamaged samples. Here, we attempt 
to identify the full extent of damage, including 
more subtle damage, by subdividing the subsur-
face samples into classes of lithologies within 
which the material properties have less variation 
than the overall tuff. We analyzed the material 
properties of both undamaged (pre-UNE) and 
damaged (post-UNE) samples, separated them 
into similar textures, and observed changes 
indicative of more extensive, subtle damage.

The second important aspect of damage is the 
effect on permeability (e.g., Jordan et al., 2015). 
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The next step is understanding, at a small scale, 
how damage is expressed in rocks: if large, trans-
granular fractures are opening, this provides fast 
pathways for radionuclides. In contrast, if dam-
age is contained within individual grains, there 
is no continuous path for gases, and permeabil-
ity may not be enhanced at all. A first attempt 
to relate damage to permeability was done by 
Jordan et al. (2015), but this is based on a quali-
tative damage assessment in granite and does 
not apply to porous material like tuff or to any 
material with variable properties. Thus, a better 
quantitative relationship between damage and 
permeability is needed for different lithologies 
of tuff. Here we present data on how different 
tuff lithologies manifest damage differently in 
terms of the microstructure.

Quantitative microfracture analyses of explo-
sion-induced damage in a tuff sequence with 
varying lithologies, have, to our knowledge, 
never been done before. The closest analysis 
was a study by Borg (1970), which showed a 
relationship between qualitative UNE-induced 
fracture intensity and mechanical properties in 
a stratigraphy of sandstones and shales, with 
the stronger sandstones showing more fractur-
ing. However, it is unclear how to translate these 
results to a volcanic sequence, and the qualita-
tive description of the fractures may have missed 
subtle, more distal damage. By not considering 
lithologic controls on fracturing, previous work 
may have missed more subtle damage in the 
many UNEs that occurred in tuffs. In addition, 
by not considering differences in how damage 
manifests in different tuff layers (e.g., dilatant 
fractures vs. compactive cataclasis and trans-
granular vs. intragranular fractures), assump-
tions about the resulting change in permeability 
from damage would likely be incorrect.

Here, we present quantitative data on micro-
fractures on damaged and undamaged samples 
that are segregated into lithologic groups. We 
discuss how lithology and distance affect the 
manifestation of UNE-induced damage and the 
implications for nuclear explosion detection.

GEOLOGIC SETTING

Our study was conducted at two areas near 
legacy UNEs: one near Barnwell and one near 
Disko Elm (Fig.  1). Both sites lie within the 
Miocene Southwest Nevada Volcanic Field, 
which includes silicic ash-flow tuffs, bedded 
tuffs, and rhyolitic lava from the Calico Hills 
Formation (from the Silent Canyon Caldera, 
13–14 Ma), the Paintbrush Group (from the 
Claim Canyon Caldera, 12.7–12.8 Ma), and 
the Timber Mountain Group (from the Timber 
Mountain Caldera, 11.5–12.5 Ma; Sawyer et al., 
1994). These volcanic rocks have experienced 

minimal syn-depositional and post-depositional 
extension, expressed as NNE-striking faults and 
slight (<5°) tilting of fault blocks (Gibbons 
et al., 1963; Slate et al., 1999). The Barnwell 
study area lies between the West Greeley and 
East Greeley faults, with the nearest splay of 
the West Greeley fault occurring ∼300 m from 
the study area (Burkhard and Wagoner, 1989). 
The volcanic sequence deposited in the Disko 
Elm area comprises a simple, layer cake-like 
sequence with consistent thicknesses, little lat-
eral variation, and no significant faults within 
1 km (Gibbons et al., 1963; Prothro et al., 2009). 
The lack of fault-related deformation within the 
volcanic strata at each site allows us to character-
ize the tuff stratigraphy in terms of petrophysi-
cal properties and to evaluate the damage that 
has occurred in the subsurface due to an under-
ground nuclear explosion.

In general, ash-flow tuffs are spatially hetero-
geneous pyroclastic flow deposits that consist 
of a poorly sorted assemblage of ash (volcanic 
glass shards less than 4 mm in size), pumice, 
phenocrysts, and lithic fragments. These tuffs 
commonly form individual cooling units, within 
which there is a range in the degree of welding 
and post-depositional crystallization. Among 
individual cooling units, lava flows may be 
deposited, and these commonly consist of flow 
banding with varying degrees of crystallization 
and alteration. The volcanic sequences studied 
here fit this description well and are described in 
detail in terms of published stratigraphic nomen-
clature below.

The Ammonia Tanks member of the Timber 
Mountain Group, a partially to non-welded, vit-
ric ash-flow tuff and bedded ash- and pumice-
fall deposit (Prothro, 2018), crops out at the 
surface above both UNEs (Fig. 1), but this unit 
is sampled only at Disko Elm. Below the Ammo-
nia Tanks Tuff is the Rainier Mesa member of 
the Timber Mountain Group (Fig. 2), a nearly 
150-m-thick sequence that includes partially to 
strongly welded ash-flow tuff that has partial to 
complete devitrification and vapor-phase crys-
tallization; overlying vitric, nonwelded ash-flow 
tuff; bedded ash- and pumice-fall deposits; and 
reworked tuff with variable amounts of alteration 
of glass to clay-sized minerals. At Barnwell, a 
vitrophyric ash-flow tuff deposit separates the 
strongly welded and nonwelded portions of the 
Rainier Mesa member. This is absent at Disko 
Elm. The nonwelded tuff at the bottom of the 
Rainier Mesa member lies above a vitric, non-
welded ash-flow tuff of the Paintbrush Group 
(Rhyolite of Echo Peak and Tiva Canyon Tuff) 
at Barnwell and the vitric, nonwelded Tuff of 
Holmes Road at Disko Elm (Burkhard and Wag-
oner, 1989; Prothro, 2018). Below these inter-
vals, the Calico Hills Formation continues in each 

location’s coreholes. At Barnwell, the Calico 
Hills Formation includes the following litholo-
gies with increasing depth: vitric, nonwelded 
ash-flow tuff; partially zeolitic, nonwelded bed-
ded ash- and pumice-fall deposits; an interval of 
vitric, rhyolitic lava; and completely zeolitized, 
nonwelded bedded ash- and pumice-fall deposits 
(Burkhard and Wagoner, 1989). At Disko Elm, 
the Calico Hills Formation transitions downward 
gradually from vitric, nonwelded ash-flow tuff to 
zeolitic, nonwelded ash-flow and pyroclastic-fall 
deposits of the Wahmonie Formation and Crater 
Flat Group (Prothro, 2018).

METHODS

Core was retrieved from near two legacy UNE 
sites, Barnwell and Disko Elm, which share a 
similar ash-flow tuff stratigraphy at the Nevada 
National Security Site (Fig. 2). We collected core 
from near U-20az, the site of the 1989 Barnwell 
test, located on Pahute Mesa within the Nevada 
National Security Site (Fig.  1). This test was 
601 m deep in a vertical shaft in volcanic tuff, 
with an announced yield between 20 kt and 
150 kt of TNT equivalent (U.S. Department of 
Energy, 2015). We also collected core from the 
U12p Tunnel, the site of the 1989 Disko Elm 
test, located at Aqueduct Mesa. This test was 
∼261 m deep in a tunnel, also in volcanic tuff 
(Prothro, 2018; Wagner et  al., 2018), with an 
announced yield of less than 20 kt (U.S. Depart-
ment of Energy, 2015). These explosions both 
occurred within zeolitic, nonwelded tuffs.

There is currently no way to readily distin-
guish explosion-induced fractures from natural, 
pre-existing ones. Previous fracture studies that 
consider the timing of multiple sets of micro-
fractures commonly find that filled or sealed 
microfractures reflect pre-existing fractures, 
while open ones could be either new or pre-
existing (Wilson et al., 2003a; Perez and Boles, 
2005; Gale and Gomez, 2007; Mitchell and 
Faulkner, 2009; Anders et al., 2014). This open 
vs. filled criteria has been used to distinguish 

Figure 1. Maps of sample locations show (A) 
the location within the Nevada National Se-
curity Site (NNSS); caldera geometries are 
from Prothro and Warren (2001) and faults 
are from Slate et al., (1999). Also shown are 
the locations of coreholes used for pre-Barn-
well samples. (B) Map shows location of the 
Barnwell study area and nearby sample lo-
cations of post-shot core U20az-NG4, as well 
as the source hole U20az. (C) Location map 
for Disko Elm study area shows locations of 
vertical coreholes and the surface projection 
of the Disko Elm event location (U12p.03).
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explosion-induced fractures from pre-existing 
fractures (e.g., Borg, 1970). However, recent 
work has shown that explosion-induced frac-
tures may not still be open at the time of sample 
collection, due to rapid precipitation of clays 
within fractures (Swanson et al., 2019). Thus, 
we believe the best way to identify explosion-
induced damage is by comparing total numbers 
of fractures with similar samples that have not 
undergone explosive shock (“pre-UNE”), aim-
ing to match welding and postdepositional char-
acteristics, as described below.

Pre-UNE samples were collected from core 
curated at the U.S. Geological Survey Mercury 

Core Library. These samples came from core-
holes that were drilled prior to any underground 
nuclear tests in the immediate area (within a 
few kilometers). At Barnwell, pre-UNE samples 
come from vertical coreholes UE-19b, UE-19f, 
UE-20c, and UE-20f (Fig. 1A, black triangles); 
post-UNE samples are from vertical coreholes 
UE-20az-NG4 and UE-20az-NG6 (Fig.  1B, 
black circles). At Disko Elm, pre-UNE samples 
are from vertical corehole UE-12p#4 (Fig. 1C, 
green circle); post-UNE samples are from 
vertical corehole UE-12p#7 and tunnel-level 
angled (upward at 30° from horizontal) core-
hole U12p.03 RE-7 (Fig. 1C, black circles, but 

RE-7 is obscured by the UNE location). All of 
the post-UNE core has the same diameter, and 
similar drilling techniques were used. Drilling 
fluids included water and soap/polymer during 
standard core recovery, with the addition of ben-
tonite mud, ground nut shells, cellophane, etc., 
in portions where recovery was difficult (caving, 
stuck tools, etc.). These core intervals, as well 
as portions of core that were broken mechani-
cally at the rig-site, were avoided for this study. 
Sample handling and storage may also affect 
core characteristics, and core that has been sit-
ting in boxes for several months to years may dry 
out or otherwise change. To minimize the effects 

Figure 2. Cross-sections allow for comparison of the geologic units between the Barnwell and Disko Elm sites (left and right, respectively). 
Cross-section lines are shown in Figure 1 and include a large bend at B′ to preserve distances from the explosion for all samples. Units that 
are only found in one site are colored white, while units that correlate among sites are keyed in shades of gray. Also shown are microfrac-
ture densities, which are keyed by lithology (data in Table 3). The same vertical scale and microfracture density scale are used for both 
sites. UE-12p#4 was drilled in 1987, prior to all P-tunnel nuclear explosions, including Disko Elm. All other samples shown are from post-
underground nuclear explosion cores. TD—total depth.
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of sample storage for the Disko Elm samples, 
we preferentially selected cores that had been 
wrapped in wax and foil, a technique designed 
to maintain in situ water content.

Recovered core from the majority of each 
corehole was inspected and categorized into 
different lithologies, based on our core-scale, 
qualitative observations of induration, pumice 
morphology, vitric content, presence of altera-
tion, and alignment of components. Lengths 
of core characterized totaled 1.6 m from five 
pre-Barnwell coreholes, 23.8 m from two post-
Barnwell coreholes, 8.2 m from one pre-Disko 
Elm corehole, and 9.8 m from two post-Disko 
Elm coreholes. Samples for optical microscopy 
analysis were chosen to encompass the variety 
of welding and postdepositional crystallization 
textures, as determined by these core descrip-
tions. Thin-section samples that would serve as 
pre- and post-UNE analogues were chosen based 
on similar core-scale characteristics (induration, 
component characteristics, etc.) and sample han-
dling procedures (dry versus waxed). Thin sec-
tion billets were prepared using a diamond blade 
saw or wire saw (friable samples required a wire 
saw), and tap water was used for cooling. Two 
standard petrographic thin sections, 27 × 46 mm 
in dimension and 30 μm in thickness, were made 
from each sample, with one parallel to the core 
axis and the other perpendicular.

Petrography, microtextures, and microfrac-
tures from Barnwell core thin sections were 
observed and imaged on an Olympus Polarizing 
Microscope with CellSens imaging software. 
Observations and images from Disko Elm thin 
sections were obtained on a Leitz Wetzlar Ortho-
plan Microscope with Leica LAS X imaging 
software, which is available from Leica and is 
commonly used with Leica microscope systems. 
Relative amounts of components (pumice, phe-
nocryst, lithic fragment, and matrix ash/glass) 
were quantified by performing point count anal-
ysis on each thin section with a 800–1000 point 
grid with 1 mm spacing. The degree of welding 
for each sample was quantified by measuring the 
aspect ratio (pumice width divided by height) of 
at least 10 pumice clasts per thin section.

Microfractures were identified as open or 
filled, transgranular, intragranular, or grain 
boundary, and their quantities were recorded 
as a linear density using a 20× (Barnwell) or 
16× (Disko Elm) objective. All microfractures 
that cross the horizontal crosshair when viewed 
at these magnifications were recorded at 50 
locations per thin section, two thin sections per 
sample, with the orientation of the thin section 
randomized by spinning the microscope stage 
(e.g., Wilson et al., 2003a). This randomization 
of the orientation of the counting line ensures an 
un-biased measure of 3-D objects that are being 

measured on a 2-D surface (e.g., Underwood, 
1970). Linear microfracture density was calcu-
lated for each microfracture type as number of 
microfractures per millimeter.

Scanning electron microscopy of selected 
samples was performed using a TESCAN Vega3 
scanning electron microscope (SEM). The thin 
sections were first coated with a gold-palladium 
alloy using a Denton Vacuum Desk IV sputter-
coater. Microtexture of each thin section was 
observed and imaged using backscattered elec-
trons (BSE) and secondary electrons (SE) in 
high-vacuum mode at an accelerating voltage of 
20.0 kV. Microporosity was quantified for each 
sample by calculating the percentage of black 
pixels in at least five BSE images (1 mm × 1 mm 
area) at 1 μm resolution for each sample. Images 
were processed using segmentation methods that 
identify each pixel in the image as either porosity 
or tuff material. This was done manually for all 
images using the threshold tool, which divides 
the image into two classes of pixels (black for 
porosity, gray for tuff material), and visual 
matching of pore space with the original BSE 
image in ImageJ (e.g., Lange et al., 1994). To 
confirm presence of glass versus devitrification 
or alteration minerals, elemental compositions 
from unaltered and altered portions of most thin 
sections were obtained using an EDAX energy-
dispersive (EDS) system at an accelerating volt-
age of 15.0 kV. EDS spectra were collected and 
analyzed using the TEAM EDS analysis system 
for the SEM.

RESULTS

Lithologic Categorization and 
Characterization

To examine the role of differing lithologies 
on microfracture characteristics, we divided 
samples into five lithologic categories (Fig. 3). 
Listed from top to bottom at the Barnwell site, 
the five categories are: partially welded (PW) 
ash-flow tuff; strongly welded (SW) ash-flow 
tuff; rhyolitic lava (RL); vitric, nonwelded (VN) 
ash-flow tuff; and zeolitic, nonwelded (ZN) ash-
flow tuff. Four of the lithologic categories found 
at Barnwell also exist at Disko Elm; the rhyolitic 
lava (RL) is absent from Disko Elm cores. This 
categorization largely aligns with hydrologic 
framework model layers defined at Disko Elm 
(Prothro, 2018) and has been used in a parallel 
effort to document multiphase flow properties of 
these lithologies (Heath et al., 2021).

Categorization is based on welding, post-
depositional crystallization, and vitric content. 
Welding is the flattening and/or fusion of ash 
and pumice during compaction under suffi-
ciently high eruption temperature (>650 °C), 

load induced by overlying deposits, and plays 
a primary role in controlling the textures stud-
ied in this investigation. The process of welding 
usually occurs within days of initial deposition 
(Ross and Smith, 1961), during which time vol-
canic glass is sufficiently hot to plastically com-
pact around more competent phenocrysts and 
lithic fragments. The degree of welding can be 
quantified by bulk density, porosity, or pumice 
aspect ratio measurements. Since some samples 
in our study are affected by postdepositional 
alteration (i.e., glass to smectite and/or zeo-
lite) and may be affected by explosion-induced 
deformation, and thus may have damage-related 
porosity variations, we used pumice aspect ratio 
measured in thin section to categorize units: 1.4–
2.4 = nonwelded, 2.2–4.4 = partially welded, 
and 4.1–17.5 = strongly welded. Where there 
is minor overlap in these pumice aspect ratios, 
induration at grain contacts (via microscale 
observations and core sample induration tests) 
is used to further categorize a particular sample.

Postdepositional crystallization in this study 
occurs as (1) devitrification and vapor-phase 
crystallization to alkali feldspar/quartz poly-
morph crystal aggregates in PW and SW units, 
(2) as fluid-assisted alteration to zeolite in ZN 
units, and (3) as alteration of glass to smectite 
in VN and ZN units. These characteristics are 
described qualitatively and confirmed by EDS 
analyses of minerals in thin section.

Partially Welded
PW ash-flow tuff is composed of pheno-

crysts, pumice, and lithic fragments in a matrix 
of slightly to moderately compacted glass 
shards, pumice fragments, and ash (Fig.  3A). 
Pumice is also partially flattened, with aspect 
ratios ranging from 2.2 to 4.4 (Tables 1 and 2), 
which imparts a slight to moderate anisotropy 
to this type of unit. This compaction indurates 
the rock so that it holds together during routine 
handling but is easily scratched with a nail. EDS 
analyses indicate that the partially welded ash-
flow tuff in this study contains no glass; devit-
rification and vapor-phase crystallization have 
converted volcanic glass to alkali feldspar and 
silica polymorphs, cristobalite, and tridymite. 
Microporosities range from 12.4% to 29.2%, 
with most variations due to varying degrees of 
vapor-phase crystallization of dissolved glass, 
which left some isolated, remnant pumice voids. 
This unit is sampled in two different pre-Barn-
well cores and is present in the post-Barnwell 
core (UE-20az-NG-4 and UE-20az-NG-6) at 
drilling depths of 7.3–65.5 m with a strongly 
welded interval at 18.9–22.6 m drilling depth 
(Fig. 2). At Disko Elm, PW is overlain by VN 
and is found as a much thinner unit at drilling 
depths of 21.9–44.2 m in the pre-Disko Elm core  
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(UE-12p#4) and 15.2–29.9 m in the post-Disko 
Elm core (UE-12p#7).

Strongly Welded
SW ash-flow tuff is composed of phenocrysts, 

pumice, and lithic fragments surrounded by a 
highly compacted matrix of crystallized vol-
canic ash, glass shards, and pumice fragments 

(Fig.  3B). Flattened pumice (fiamme, with 
aspect ratios ranging from 4.1 to 17.5) commonly 
defines a strong anisotropy in this unit (Tables 1 
and 2). Welding and postdepositional crystalliza-
tion make this rock completely indurated with 
very limited pore space (microporosities range 
from 6.7% to 9.9%). This unit is sampled in three 
pre-Barnwell cores and is found as a thin layer 

from 18.9 m to 22.6 m within the PW unit, as 
well as from 65.8 m to 143.0 m drilling depths in 
post-Barnwell core (UE-20az-NG-4; Fig. 2). The 
SW unit is present from 44.2 m to 146.3 m in pre-
Disko Elm core (UE-12p#4) and 29.9–127.1 m 
in post-Disko Elm core (UE-12p#7). Variations 
in textures within this unit include a large range 
in pumice aspect ratio (very high aspect ratios in 

Figure 3. Examples of the lith-
ologic textural categories used 
here are shown: (A) partially 
welded ash-flow tuff (PW); (B) 
strongly welded ash-flow tuff 
(SW); (C) rhyolitic lava and 
vitrophyre (RL); (D) vitric, 
nonwelded ash-flow tuff (VN); 
and (E) zeolitized nonwelded 
ash-flow tuff (ZN). Shown 
are core photos (width of im-
age = 6.4 cm), thin section 
scans at the centimeter scale 
(width of image = 2.5 cm), 
optical microscope images at 
the millimeter scale (width of 
image = 250 μm), and scan-
ning electron microscopy 
images at the micron scale. 
Core, thin section, and optical 
microscope images are from 
post-underground nuclear 
explosion (UNE) samples; mi-
cron-scale images are second-
ary electron (SE) images from 
pre-UNE samples.

A

B

D

C

E
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post-Barnwell core at 73.2 m) and in the degree 
of devitrification (lack of devitrification in the 
presence of welding in post-Disko Elm core 
at 121.9 m). These variations possibly reflect 
variations in caldera activity (e.g., Gimeno et al., 
2003; Repstock et al., 2019) but do not affect the 
observed induration of the rock.

Rhyolitic Lava and Vitrophyre
RL and vitrophyre is composed of Si-rich vol-

canic glass (the same composition as glass in all 
other Barnwell and Disko Elm samples), where 
the majority or all of the matrix of the unit is vit-
ric (i.e., no devitrification of the volcanic glass) 
and mechanically homogeneous (Fig. 3C). It is 
distinct from VN ash-flow tuff in that there are no 
individual glass shards separated by pore space, 
and the majority of the rock is composed of vol-
canic glass (i.e., few phenocrysts, pumice, and 
lithic fragments; Table 1). Microporosities range 
from 2.9% to 8.6%, and where pumice is present, 
aspect ratios range from 2.0 to 6.5. RL is found 
only at the Barnwell site, at drilling depths of 
266.7–295.7 m in post-Barnwell core (UE-20az-

NG-4; Fig. 2). Vitrophyre samples found at the 
top of the VN unit at Barnwell (143.0–148.4 m 
drilling depth in UE-20az-NG-4) are included in 
the RL category because of their similar charac-
teristics at the core and microscale (few compo-
nents in highly vitric matrix, low porosity, and 
conchoidal fracture habit). The two RL samples 
in pre-Barnwell core are more similar to this vit-
rophyre than the thicker, deeper RL.

Vitric, Non-Welded
VN ash-flow tuff is composed of phenocrysts, 

pumice, and lithic fragments in a matrix of vol-
canic ash, glass shards, and pumice fragments 
(Fig.  3D). Most glass is still vitric, and there 
is a large amount of inherent microporosity 
(29.1%–55.4%; Tables 1 and 2) due to little or no 
compaction or postdepositional crystallization. 
Pumice is fairly equant, with pumice ratios rang-
ing from 1.4 to 2.4 and little to no alignment. 
The VN unit was sampled in one pre-Barnwell 
core and is present from 143 m to 267 m drilling 
depths in post-Barnwell core (UE-20-az; Fig. 2), 
with a thin vitrophyre unit present from 143.0 m 

to 148.4 m. Samples are highly variable with 
respect to grain size distributions (ash content) 
and the degree of induration at grain contacts. 
For example, the sample at 176.5 m is very ash-
rich, at 220.1 m the sample is more grain-sup-
ported than all others, and at 232.9 m the sample 
is incipiently cemented by zeolite minerals. The 
VN is more uniform at Disko Elm and is pres-
ent from 146.3 m to a gradational contact with 
the ZN unit at 232.3–250.9 m in pre-Disko Elm 
core (UE-12p#4) and from 127.1 m to 234.7 m 
in post-Disko Elm core (UE-12p#7; Fig.  2). 
VN samples at Disko Elm have decreasing ash 
content, becoming more grain supported, with 
depth, but all show incipient alteration of vol-
canic glass and lithic fragments to smectite, and 
some pores are partially filled with smectite.

Zeolitic Non-Welded
ZN ash-flow tuff is composed of pumice, 

phenocrysts, and lithic fragments in a matrix 
of shards and ash that has been partially or 
completely crystallized into zeolitic minerals 
(Fig. 3E). The most common zeolite mineral in 
this unit, as identified by crystal morphology 
and EDS analyses, is clinoptilolite, with some 
minor mordenite, which is consistent with 
zeolite diagenesis in the area (Moncure et al., 
1981). These zeolites partially fill original pore 
spaces, creating an interlocking crystal struc-
ture where there were previously individual 
glass fragments with minimal grain contact. 
The degree of zeolitization among samples is 
highly variable, resulting in microporosities 
ranging from 19.1% to 41.1% (Tables 1 and 2). 
Isolated voids are relatively common within 
the matrix and within remnant pumice voids in 
which zeolite has not completely replaced glass. 
Opal is also deposited along some of these rem-
nant pumice voids. Pumice content is highest in 
the ZN compared to all other units, and pumice 
clasts have aspect ratios ranging from 1.4 to 
2.2, which indicates minimal anisotropy in this 
unit. ZN is sampled in one pre-Barnwell core 
and is found in post-Barnwell core (UE-20az-
NG-4) at 232.9 m as well as from 296.3 m to 
516.0 m drilling depths (Fig. 2), with a distinct 
boundary separating the RL unit. At Disko Elm, 
the boundary between the overlying VN unit 
and ZN unit is gradational, with glass content 
inversely proportional to smectite and zeolite 
content over a depth range of 232.3–250.9 m 
in pre-Disko Elm core (UE-12p#4) and from 
224.9 m to 249.0 m in post-Disko Elm core 
(UE-12p#7). Deeper ZN samples in these cores, 
as well as all samples from the post-Disko Elm, 
tunnel-level core (U12p.03 RE-7), contain no 
glass but also have significant smectite content, 
which is likely a result of alteration from glass 
before it was zeolitized (e.g., Chipera et  al., 

TABLE 1. COMPARISON OF AVERAGE COMPOSITIONS, MICROPOROSITIES, AND MICROFRACTURE 
DENSITIES BETWEEN PRE-BARNWELL AND POST-BARNWELL LITHOLOGIES

Ash-flow tuff Groundmass Phenocrysts Pumice Lithics Pumice 
AR

Microporosity Microfracture 
densities
(mf/mm)

Average pre-PW 64 11 20 5 3.1 13.9 1.0
Average post-PW 55 21 20 4 3.5 21.5 2.5

Average pre-SW 59 22 15 4 4.5 12.9 3.4
Average post-SW 43 38 14 5 13.7 9.7 4.8

Pre-VN 74 14 9 4 1.5 49 1.8
Average post-VN 54 15 27 5 1.5 39.2 4.4

Average pre-RL 69 13 17 1 2 6 3.4
Average post-RL 83 11 6 0 6.5 2 14.2

Pre-ZN 41 11 43 6 1.8 36.2 1.3
Average post-ZN 47 3 34 16 1.9 14.5 1.4

Notes: These data show greater variability within each lithology relative to Disko Elm samples. All values 
are in % except for microfracture densities (microfractures/millimeter [mf/mm]) and pumice aspect ratio 
(AR = pumice length divided by height). Microporosity is calculated separately from percentages of tuff 
components (see description in Methods section), which may cause total percentages to be >100%. PW—
partially welded; SW—strongly welded; VN—nonwelded; RL—rhyolitic lava; ZN—nonwelded.

TABLE 2. COMPARISON OF AVERAGE COMPOSITIONS, MICROPOROSITIES, AND MICROFRACTURE 
DENSITIES BETWEEN PRE-DISKO ELM AND POST-DISKO ELM LITHOLOGIES

Ash-flow tuff Groundmass Phenocrysts Pumice Lithics Pumice 
AR

Microporosity Microfracture 
densities 
(mf/mm)

Pre-VN shallow 59 26 13 2 2.4 55.4 1.0
Post-VN shallow 58 14 22 6 2.2 42.6 1.7

Pre-PW 60 19 19 2 3.3 25.6 2.0
Post-PW 59 16 20 5 3.4 29.2 4.2

Average pre-SW 49 16 22 13 6.5 7.2 2.6
Average post-SW 56 16 24 4 6.1 5.1 3.6

Average pre-VN 
deep

31 15 43 11 1.6 31.2 2.8

Average post-VN 
deep

37 11 45 7 1.8 28.2 1.7

Average pre-ZN 48 15 33 4 1.7 22 3.1
Average post-ZN 46 16 34 4 1.7 17.4 3.3

Notes: All columns are in %, except for microfracture densities (microfractures/millimeter [mf/mm]) and 
pumice aspect ratio (AR = pumice length divided by height). Microporosity is calculated separately from 
percentages of tuff components (see descriptions in Methods section), which may cause total percentages to 
be >100%. PW—partially welded; SW—strongly welded; VN—nonwelded; RL—rhyolitic lava; ZN—nonwelded.
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2008). The sample closest to the working point 
(34.0 m range distance, 39.9 m drilling depth in 
post-Disko Elm core U12p.03 RE-7) is much 
more phenocryst-rich than all of the other ZN 
samples. This sample is highly deformed and 
may be a block of Wahmonie that has displaced 
downward from its originally higher position 
(Huckins-Gang and Townsend, 2018).

Types of Deformation Features

We observed a variety of deformation fea-
tures, including microfractures, cataclastic 
grain-crushing, and pore collapse. The micro-
fractures can be categorized based on their 
relationships with grain boundaries into intra-
granular, grain-boundary, and transgranular 
microfractures. All microfractures in pre-UNE 
ZN samples at Barnwell are intragranular, 
whereas post-UNE microfractures consist of 
intragranular, transgranular, and grain-bound-
ary varieties.

Intragranular microfractures (fractures occur-
ring within a phenocryst, lithic fragment, or 
pumice) were particularly prominent in PW 
samples (Figs. 4A–4B), SW samples (Fig. 4D), 
and VN samples (Figs.  4J–4L). It is the only 
type of microfracture found in pre-UNE ZN 
units. This type of fracture can be produced by 
(1) thermal expansion during tuff deposition and 
cooling (Ross and Smith, 1961), (2) postdeposi-
tional damage such as tectonic processes, or (3) 
from UNE-induced damage.

Grain-boundary microfractures are observed 
in SW units (Fig. 4D) and in the deep (>200 m) 
ZN (Figs. 4M–4O) units. Grain-boundary micro-
fractures may indicate stress unloading, such 
as occurs during the passage of a shock wave 
(Ogilvie et al., 2011), or thermal stresses, where 
internal stresses are induced at the grain scale 
due to mismatches between grains and matrix 
(e.g., Espinosa and Zavattieri, 2003; Dwivedi 
et al., 2006; Fensin et al., 2014).

Transgranular microfractures are more 
commonly observed in indurated units (PW—
Figs.  4B–4C; SW—Figs.  4D–4F; and ZN—
Figs.  4M–4N). Transgranular microfractures 
are not common in VN samples. Where they 
do exist, they may indicate relatively indurated 
(for VN) regions, enough to support a through-
going fracture, rather than greater damage. 
Transgranular microfractures are observed in 
the vitric matrix of the RL unit (Figs. 4G–4I), 
but they are distinct from transgranular micro-
fractures in other units: they are low-aperture, 
concentric sets of microfractures that are 
similar in form to those from thermal hydra-
tion during deposition (e.g., McPhie et  al., 
1993; Gimeno et al., 2003). In addition to pre-
existing transgranular microfractures, this type 

of microfracture may form during a UNE by 
propagation of, and potentially coalescence of, 
intragranular and grain-boundary microfrac-
tures across consolidated matrix.

Cataclastic grain-crushing and pore collapse 
is observed in some VN samples (Figs. 4J–4K), 
but they occur in isolation rather than in con-
tinuous but localized form (i.e., deformation 
band). Therefore, deformation is best quanti-
fied in terms of microporosity. In the VN units, 
this microstructure could be syn- or post-dep-
ositional, depending on the nature of cataclasis 
(i.e., postdepositional fracturing is indicated by 
pinned grains that are crushed, but the presence 
of fragmentary material with no obvious signs of 
grain crushing may indicate either syn- or post-
depositional deformation).

Shear zones containing cataclastic grain-
crushing, shear microfractures, and pore col-
lapse are rare. They occur in the more consoli-
dated, phenocryst- and smectite-rich ZN sample 
that is closest (34.0 m range distance) to the 
Disko Elm working point (see kinked biotite 
in Fig. 4M). Their presence in only post-UNE 
samples, along with their proximity to the UNE 
source, indicates they are the result of UNE-
induced damage.

Microfracture Quantification

We quantified the number of all microfrac-
tures, sorting by different types—total, trans-
granular, intragranular, and grain-boundary 
(Table  3)—and show their relationships with 
depth (Fig. 5). Each lithology has different pro-
portions of microfracture types (Fig. 5).

Total Microfractures
For Barnwell samples, total microfracture 

densities for pre-UNE samples range from 0.3 
to 4.4 microfractures/mm (mf/mm). The SW 
and RL lithologies have microfracture densities 
at the high end of this range (1.8–4.4 mf/mm), 
and the PW, VN, and ZN units have micro-
fracture densities at the low end of the range 
(<2.4 mf/mm). Every lithology has at least one 
post-UNE sample with a greater microfracture 
density than the maximum pre-UNE sample 
from that lithology. The RL shows the great-
est apparent increase (it includes a sample with 
18.6 mf/mm, which is off the scale shown), 
with post-UNE samples having up to four 
times more microfractures than pre-UNE sam-
ples. However, as discussed in greater detail 
below, the pre-UNE sample texture may be a 
poor analogue, and the difference in fracture 
density may not necessarily be the result of the 
explosion.

For samples near Disko Elm, total microfrac-
ture densities for pre-UNE samples range from 

1.0 to 3.6 mf/mm. VN and PW pre-UNE lithol-
ogies have microfracture densities at the lower 
end of this range (1.0–2.9 mf/mm), and the 
ZN and the SW lithologies have slightly more 
microfractures (1.9–3.6 mf/mm). For post-
UNE samples, every lithology except VN tuff 
has at least one post-UNE sample with a greater 
microfracture density than the maximum pre-
UNE sample from that lithology (Fig. 5). The 
most significant increase in post-UNE micro-
fracture densities (over pre-UNE equivalents) 
occurs in samples from RE-7 that are within 
50-m-range distance from the explosion source.

Transgranular Microfractures
Transgranular microfractures also show a 

general increase in post-UNE microfracture 
densities compared to pre-UNE equivalents 
(Fig. 5, Table 3). For Barnwell samples, trans-
granular microfracture densities for pre-UNE 
samples range from 0 mf/mm to 1.5 mf/mm. 
The SW lithology has the most transgranular 
microfractures (0.5–1.5 mf/mm), and the RL 
lithology has an intermediate number of trans-
granular microfractures (∼0.6 mf/mm), while 
the PW and both VN and ZN lithologies have 
far fewer fractures (<0.1 mf/mm). Every lithol-
ogy has at least one post-UNE sample with a 
greater transgranular microfracture density 
than the maximum pre-UNE sample from that 
lithology. The RL shows the greatest apparent 
increase (it includes a sample with 16.1 mf/mm, 
which is off the scale shown), with post-UNE 
samples having up to 25× more microfractures 
than pre-UNE samples. However, as discussed in 
greater detail below, the pre-UNE sample texture 
may be a poor analogue, and the difference in 
fracture density may not necessarily be the result 
of the explosion.

For samples near Disko Elm, transgranular 
microfracture densities for pre-UNE samples 
range from 0 mf/mm to 0.8 mf/mm. All pre-
UNE lithologies have similar numbers of 
microfractures (0–0.4 mf/mm), but one sam-
ple from the SW lithology has slightly more 
microfractures (0.8 mf/mm). For post-UNE 
samples, every lithology except VN tuff has 
at least one post-UNE sample with a greater 
microfracture density than the maximum pre-
UNE sample from that lithology (Fig. 5). The 
most significant increase in post-UNE micro-
fracture densities occurs in samples that are 
within 50-m-range distance from the explosion 
source (Table 3).

Intragranular Microfractures
Intragranular microfractures in PW samples 

range from no change to nearly doubling in 
density from pre- to post-UNE samples at both 
Barnwell and Disko Elm. This range may be 
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Figure 4. Scanning electron mi-
croscopy (backscattered electron) 
images of microstructures in post-
underground nuclear explosion 
samples from Barnwell and Disko 
Elm are shown. Partially welded 
samples in (A), (B), and (C) have 
variable transgranular micro-
fractures (long stealth arrows) 
and intragranular microfractures 
(short block arrows). Strongly 
welded samples in (D), (E), and 
(F) also have transgranular and 
intragranular microfractures. 
Rhyolitic lava in (G), (H), and (I) 
are dominated by curvilinear mi-
crofractures. Vitric, nonwelded 
samples (J, K, and L) contain 
impingement (intragranular) mi-
crofractures and nonlocalized 
pore collapse and grain crush-
ing. Zeolitic, nonwelded samples 
in (M), (N), and (O) are domi-
nated by grain-boundary (short 
white arrows) and transgranular 
microfractures.

A B C

D E F

G H I

J K L

M N O
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due to the intrinsic heterogeneity in the degree 
of welding within the samples. Intragranular 
microfractures in post-UNE SW samples are 
all near the upper limit of pre-UNE levels for 
both sites. Intragranular microfractures in the 
VN samples show an increase in intragranular 
microfracture density from pre- to post-UNE 
samples at Barnwell. We suspect this may 
be due to UNE-related compaction, which is 
described in more detail below in the discus-
sion on VN deformation. This is not the case for 
VN samples at Disko Elm, where intragranular 
microfracture densities all lie within pre-UNE 
levels. The opposite trend is observed for ZN 

samples: all post-UNE samples at Barnwell lie 
within pre-UNE levels, and the post-UNE sam-
ples at Disko Elm have elevated microfracture 
densities within 50-m-range distance from the 
explosive source (Table 3).

Grain-Boundary Microfractures
Post-UNE grain-boundary microfracture den-

sities are greater than those of pre-UNE samples 
for all units except the VN. The largest increases 
in post-UNE grain boundary microfracture den-
sities occur within the ZN units at both Barnwell 
and Disko Elm and in the shallowest PW unit at 
Barnwell.

DISCUSSION

All lithologies at both locations, with the 
exception of VN at Disko Elm, show greater 
microfracture densities in post-UNE samples 
than in pre-UNE samples. This is true for maxi-
mum microfracture densities (Fig. 5) as well as 
average microfracture densities (Tables 1–2).

Identification of UNE-Induced Damage

Before concluding that the observed differ-
ences in microfracture counts arise from the 
UNE itself, other potential causes of fracturing 

TABLE 3. MICROFRACTURE DENSITIES FOR ALL SAMPLES IN THE VICINITY OF BARNWELL AND DISKO ELM WITH 
RANGE DISTANCES FROM RESPECTIVE UNDERGROUND NUCLEAR EXPLOSION (UNE) SOURCE

Timing 
relation to 
UNE

Core name Lithology of 
ash-flow tuff

Pumice 
aspect 
ratio

Drill depth*
(m)

Range 
distance from 
UNE source

(m)

Transgranular 
microfracture 

density
(mf/mm)

Grain boundary 
microfracture 

density
(mf/mm)

Intragranular 
microfracture 

density
(mf/mm)

Total 
microfracture 

density
(mf/mm)

Pre-Barnwell UE-19b PW 3.7 254 n/a 0.1 0.0 1.6 1.7
UE-20f PW 2.5 801 n/a 0 0.0 0.2 0.3
UE-20c SW 4.4 199 n/a 1.5 0.0 3.0 4.4
UE-19b SW 4.4 154 n/a 1.1 0.0 3.1 4.0
UE-20c SW 4.6 648 n/a 0.5 0.0 1.6 1.9
UE-19b VN 1.5 106 n/a 0.6 0.0 1.1 1.8
UE-19f RL 2 606 n/a 0.4 0.0 4.0 4.4
UE-19b RL 2 311 n/a 0 0.0 2.4 2.4
UE-20c ZN 1.8 778 n/a 0 0.0 1.3 1.3

Post-Barnwell UE-20az-NG6 PW 2.8 4 615 0.3 0.4 1.7 2.5
UE-20az-NG4 PW 3.3 9 614 0.1 0.0 1.3 1.3

PW 4.4 39 585 0.4 0.0 3.2 3.6
SW 9.9 20 603 1 0.1 3.3 4.3
SW 17.5 73 552 1.7 0.2 3.6 5.3
RL 6.5 143 485 16.1 0.1 2.4 18.6
VN 2.2 151 477 3.6 0.0 2.0 5.7
VN 1.7 158 471 0 0.0 3.1 3.1
VN 1.5 176 454 0.1 0.0 1.1 1.2
VN 1.6 220 414 0.1 0.0 7.3 7.4
ZN 1.9 233 402 1 0.1 0.2 1.0
RL n/a 274 365 9.7 0.0 0.0 9.8
ZN 1.9 344 305 0.8 0.4 0.8 2.0
ZN 1.9 461 217 0.5 0.1 0.6 1.0
ZN 1.9 516 188 0.7 0.2 0.7 1.5

Pre-DIEL UE-12p#4 VN 2.4 21 n/a 0 0.0 1.0 1.0
PW 3.3 43 n/a 0.1 0.0 1.9 2.0
SW 5.8 71 n/a 0.2 0.0 1.7 1.9
SW 7.1 111 n/a 0.8 0.1 2.7 3.3
VN 1.6 191 n/a 0 0.0 2.6 2.6
VN 1.6 199 n/a 0.2 0.3 2.4 2.9
ZN 1.5 238 n/a 0.2 0.0 3.1 3.3
ZN 1.6 252 n/a 0.4 0.2 3.0 3.6
ZN 2.1 266 n/a 0.3 0.6 2.7 3.5
ZN 1.7 273 n/a 0.3 1.0 0.7 1.9

Post-DIEL UE-12p#7 VN 2.2 15 259 0 0.0 1.7 1.7
PW 3.4 29 246 0.7 0.1 3.7 4.2
SW 8.0 97 183 0.9 0.2 2.6 3.6
SW 4.1 122 161 0.5 0.5 2.7 3.7
VN 2.1 146 141 0 0.0 0.8 0.9
VN 1.8 160 130 0 0.0 1.6 1.6
VN 1.7 183 109 0 0.0 1.9 1.9
VN 1.4 222 92 0 0.0 2.5 2.5
ZN 1.6 249 84 0.1 3.3 1.4 4.8
ZN 1.7 261 84 0 2.4 0.4 2.7
ZN 1.9 262 84 0.1 2.4 0.5 2.8
ZN 1.7 262 84 0 1.8 1.8 3.0

U12p.03-RE-7 ZN 1.6 3 (258) 56.0 0.4 1.9 1.6 3.7
ZN 2.2 8 (255) 52.0 0.3 3.0 1.6 5.0
ZN 1.9 14 (252) 47.4 0.4 2.7 2.5 5.6
ZN 1.8 19 (250) 44.3 0.1 3.6 2.3 6.0
ZN 1.4 19 (250) 44.2 0.4 3.3 2.5 6.2
ZN 1.6 25 (247) 40.4 0.6 4.0 2.2 6.8
ZN 1.9 32 (243) 36.9 0.7 2.9 3.0 6.6
ZN 1.5 35 (241) 35.4 0.7 3.4 2.0 6.1
ZN† n/a 40 (239) 34.0 3.2 1.6 5.3 10.2

Notes: PW—Partially welded; SW—strongly welded; VN—vitric nonwelded; RL—rhyolitic lava; ZN—zeolitic nonwelded. Pumice aspect ratio was measured as pumice 
width divided by height.

*Drilling depth is the same as vertical depth except for RE-7 samples; vertical depth is given in parentheses for these samples.
†Sample is distinct from other ZN samples in that it contains no pumice, is highly enriched in phenocrysts, especially biotite, and is likely from the overlying Wahmonie 

Formation.
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must be considered. These rocks have experi-
enced a number of different stresses between 
their formation and our observations. We must 
consider how these results may be affected 
by pre-existing variations in microfracture 
density, and sample collection and handling, 
before discussing how UNEs produce fractures. 
These potential confounding factors are dis-
cussed below.

Sample Drilling and Handling
There is a potential for drilling to induce 

microfractures in the rock, thereby complicat-
ing the interpretation of potential UNE-induced 
damage, yet drilling is needed to retrieve sam-
ples. We know of no aspect of sample drilling 
or recovery that could produce the observed 
patterns of microfractures. Drilling-induced 
fractures would occur in both pre-UNE and post-
UNE samples and would likely involve tensile 
fractures due to stress concentrations in the well-
bore (Kulander et al., 1990). While we do not 
have information about the specifics of drilling 
that occurred in the 1960s or 1980s to obtain the 

pre-UNE samples, we did avoid sampling core 
where these drilling-induced fractures were 
observed. All of the post-UNE core has the same 
diameter as the pre-UNE core, and we know of 
no major differences in drilling techniques.

Similarly, we do not see differences in micro-
fractures from samples with different handling 
procedures. One process that could potentially 
affect the microfracture density is dessication, 
and some core was wrapped in foil and dipped 
in wax immediately upon retrieval from the 
ground, to preserve in situ moisture content. For 
each set of core samples at Disko Elm, we mea-
sured microfracture density from a core that had 
been preserved in wax and another within the 
same lithologic unit that had not been preserved 
in wax (UE-12p#4 at 252 m and 266 m drilling 
depths, UE-12p#7 at 261 m and 262 m drilling 
depths, and two samples from U12p.03-RE7 at 
19 m drilling depth). We found that the differ-
ence in microfracture density of these waxed 
versus unwaxed samples is negligible (<0.2 
mf/mm; refer to Table 3). For Barnwell, all of 
the pre-UNE samples and all but two post-UNE 

samples (UE-20az-NG4 at 73 m and 158 m drill-
ing depths) were not wrapped in wax and foil to 
preserve in situ moisture. These two relatively 
moist samples have relatively high microfracture 
densities within their lithologies for both pre-
UNE and post-UNE samples. This is the oppo-
site trend from what we would expect if newer 
samples had more desiccation-induced cracks 
from differences in handling.

Lastly, all thin sections were made by the 
same vendor: High Mesa Petrographics. Thus, 
we would expect no differences in microfrac-
tures to result from the creation of the thin sec-
tions. In sum, we found no evidence to support 
the idea that the increase in microfracture den-
sities in post-UNE samples is from drilling or 
handling.

Are the Pre-UNE Samples Good Textural 
Matches for the Post-UNE Samples?

Our criteria for determining UNE-induced 
damage is the presence of more microfractures 
relative to the maximum of the undamaged 
samples. The comparison to pre-UNE sam-

Figure 5. Graphs show microfracture density vs. depth by type of microfracture. Top row, Barnwell site microfractures; circles are post-
underground nuclear explosion (UNE) samples. Bottom row, Disko Elm site microfractures; triangles are post-UNE samples. Colored boxes 
show the range of microfracture values from pre-UNE samples (i.e., location of right edge of box), and they are keyed by lithology in the 
same colors as the post-UNE samples. The depth extent of the colored boxes shows the lithology distributions of the post-UNE coreholes. 
The outlined boxes indicate the extent of microfractures from the same lithology at the other UNE site (i.e., the unfilled boxes in the Barn-
well site represent microfracture densities for the same lithology at the Disko Elm site, and vice versa, for ease of comparison between sites). 
Samples with microfracture densities that plot to the right of the boxes are interpreted to have UNE-induced damage.
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ples is dependent on having good analogues 
for post-UNE samples, or else a change in 
the number of fractures may represent differ-
ences between pre-existing textures instead of 
explosion-induced damage. Since no core is 
available from the immediate (<1 km) vicin-
ity of Barnwell that was collected prior to the 
UNE (which occurred in 1989), our pre-UNE 
samples are from similar lithologies and deter-
mined from thin section observations of miner-
alogy, welding, and relative amounts of pum-
ice, phenocrysts, and lithic fragments in nearby 
coreholes. However, these samples come from 
distances of 5–18 km and may not match the 
geologic unit or depth. In addition, the textures 
are not always identical to the post-UNE sam-
ples, but they are the best available matches. 
Because of this, some degree of uncertainty 
exists when comparing pre-UNE to post-UNE 
samples, particularly at Barnwell.

Based on a comparison of petrographic fea-
tures and relative amounts of groundmass, 
phenocrysts, pumice, and lithic fragments by 
petrographic point counting (Table 1; Fig. 3), 
the poorest analogue among Barnwell samples 
occurs for the RL lithology. This unit is distin-
guishable by its vitric matrix, with pre-UNE RL 
consisting of pumice, glass shards, and glassy 
lithic fragments, and post-UNE RL consisting 
of massive glass matrix with relatively rare phe-
nocrysts and lithic fragments. Thus, the differ-
ence in transgranular fractures from 2 mf/mm 
to 4 mf/mm pre-UNE RL and ∼10–20 mf/mm 
post-UNE RL is not likely to represent explo-
sion-induced damage, but more likely represents 
the extent to which hydration-related fractur-
ing occurred in the more massive matrix of the 

post-UNE RL unit. Fortunately, other lithologies 
have much better matches between pre-UNE and 
post-UNE samples (Table 1) such that compari-
sons are valuable.

For Disko Elm, we obtained pre-UNE ana-
logue samples from a closer location just 150 m 
away. A comparison of microtextural features 
with those of post-UNE samples, along with a 
comparison of relative amounts of tuff compo-
nents via petrographic point counting (Table 2), 
shows that these are excellent analogs. Thus, the 
differences between pre-UNE and post-UNE 
microfracture densities are less likely to be the 
result of natural variation in the rock. How-
ever, these samples still contain variability in 
microfracture density. This may be the reason 
behind the post-UNE VN samples having fewer 
microfractures (0.9–2.5 mf/mm) than pre-UNE 
samples (1.0–2.9 mf/mm; see Fig. 5, where VN 
is the only lithology to have no post-UNE data 
points outside the pre-UNE range). This particu-
lar lithology is the most variable in terms of grain 
sizes, grain-contact area, and porosity—proper-
ties that affect the strength of the tuff (Moon, 
1993; Wilson et al., 2003b), which in turn can 
determine whether a through-going fracture 
will propagate (Martin et  al., 1993; Wilson 
et al., 2003b).

We have identified the best sets of pre-UNE 
and post-UNE samples with which to evaluate 
the effect of a UNE on microscale damage from 
source to surface, and with those, we see a subtle 
increase from pre-UNE to post-UNE samples. 
However, we still see variability in microfrac-
ture density in the pre-UNE RL and VN sam-
ples, which complicates the interpretation of 
UNE-induced damage in these units.

The Extent of UNE-Induced Damage

The UNE-induced damage, as defined by 
increases in microfracture density relative to 
pre-shot analogues, appears to be strong within 
∼50 m of the center of the explosion in the case 
of Disko Elm and decreases with range distance 
(Fig.  6), as expected based on previous work 
(Borg, 1973; Carroll, 1983). However, we also 
observe a more subtle increase in microfracture 
densities at larger distances (in every lithology 
except VN), which is not consistent with pre-
vious work.

Predictions from many numerical models 
(e.g., Terhune, 1971; Carroll, 1983; Sammis, 
1991; Pawloski, 1999; Sammis, 2004) largely 
do not predict that fracturing should occur at 
these large distances from the UNE source. 
These models generally predict damage to 
∼1/5 the depth of burial, which would not 
extend to the range distances where we are see-
ing microdamage. However, these models are 
calibrated against data types that are favored for 
the ease of collection, such as obvious visual 
disturbance and changes in seismic velocity. 
This leaves the details or outliers unexplained. 
These reported damage extents are at a mac-
roscopic scale, with very few exceptions: in 
sandstones and shales (Borg, 1970), in granite 
(Short, 1966), and in salt and basalt (Short, 
1968). None of these are in tuff. Thus, the more 
limited extent of damage from the models and 
the mesoscale observations may not be incon-
sistent with a larger microscale damage extent. 
We argue that the smaller-scale details help us 
see the mesoscale observations plus the unex-
plained/unseen damage, which gives a more 

Figure 6. Total microfracture densities vs. range distance from underground nuclear explosions (UNEs). Circles indicate post-Barnwell 
samples, and triangles indicate post-Disko Elm samples. Symbols are color keyed by lithology: red—ZN; blue—VN; brown—RL; green—
SW; and purple—PW.
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complete understanding of how UNEs may 
affect the heterogeneous subsurface.

Unlike most UNE studies, a study using 
quantified microfractures to determine damage 
induced from an underground chemical explo-
sion in granite (Swanson et al., 2018) did show 
some evidence of source-to-surface damage, 
although it was subtle. In that study, the most 
obvious microfracture damage (and all observ-
able core-scale damage) occurred within a near-
source damage zone (∼10 m from the source) 
and spall-related damage at the surface. Thus, 
based on previous work, it seems possible that 
microfractures may indicate larger extents of 
damage than the modeling predicts.

There are a few studies that suggest that 
microdamage at longer range distances may 
be expected. A model by Johnson and Sammis 
(2001) predicts damage out to scaled distances 
that approximate the burial depth of these sites. 
Adushkin and Spivak (2004) present changes 
in seismic velocity that are continuous to the 
surface, but not in tuff. They see these changes to 
a scaled range distance of 120 m/kt1/3, at which 
point the longitudinal velocities approach that 
of the undisturbed rock. This scaled distance is 
derived from “seismic radiographic inspection,” 
defined by changes in velocity, of rock that is 
less porus than tuff. If we were to employ this 
scaled distance to predict the extent of damage 
using the maximum of the announced yield 
range, we would predict an extent of damage of 
326 m for Disko Elm and 638 m for Barnwell. 
These values approximate the burial depth, and 
these ranges would include nearly all of the 
samples we collected.

Thus, the damage we observe here, with a 
subtle region of damage over the entire burial 
depth and a more damaged region closer to 
the explosive source, is consistent with a few 
previous studies but is largely not expected from 
previous work.

The Nature of UNE-Induced Damage

Interpretations of Damage, by Lithology
The tuff sequences at Barnwell and Disko 

Elm are composed of individual cooling 
units, which vary in their degree of welding 
(quantified in this study by pumice aspect ratio) 
and post-depositional crystallization. These 
lithologies form a subhorizontal anisotropy 
through which UNE-damage is expected to 
vary due to differences in material properties 
(Table 1). From previous studies of fault-zone 
and experimental deformation in ash-flow tuffs 
in the shallow subsurface (∼<600 m), we expect 
to see the degree and nature of fracturing to be 
controlled by lithology. Essentially, welding 
and postdepositional crystallization typically 

decrease porosity and increase the area and 
strength of grain contacts, providing a rigid 
framework through which fractures may 
propagate. Therefore, in a relatively shallow 
volcanic tuff sequence with these conditions, 
we expect low-porosity welded units to deform 
by fracture at the microscale and the mesoscale, 
with fracture density increasing with the degree 
of welding and relative amount of flattened 
pumice (Soden et  al., 2016). High-porosity 
vitric, nonwelded units are expected to deform 
by cataclasis within deformation bands (Wilson 
et  al., 2003b; Evans and Bradbury, 2004). 
Moderately porous nonwelded units that have 
undergone postdepositional crystallization may 
form either deformation bands or fractures, 
depending on local variations in the degree and 
nature of crystallization, grain-size distributions, 
and bed thickness (Wilson et  al., 2003b; 
Dinwiddie et al., 2012).

For the tuff sequences at Barnwell and Disko 
Elm, the degree of post-UNE increase over 
pre-UNE microfracture densities appears to be 
controlled largely by welding and composition, 
with strongly and partially welded samples con-
taining larger numbers of microfractures at both 
sites for all types of microfractures. Nonwelded 
samples contain no observed deformation bands, 
but evidence of grain rearrangement and densi-
ties of impingement microfractures show that 
UNE damage in these layers is controlled by 
textural variations (pumice vs matrix content, 
microporosity, etc.). Microstructural details for 
all lithologic units, each of which defines a sub-
horizontal layer of varying material properties, 
are given below and in Tables 1–3.

Partially welded (PW). PW units in this study 
were nearly completely crystallized with only 
incipient welding and contained only fractures. 
Between the two shallow (<10 m drill depth), 
post-Barnwell PW samples, the degree of weld-
ing and microfracture density are inversely cor-
related. For the deeper post-Barnwell and two 
pre-Barnwell samples, the degree of welding 
and microfracture density are positively cor-
related. This suggests that small variations in 
welding within the PW unit do not follow the 
expected relationship with microfracture density, 
even when UNE damage is not involved. That 
is, the natural damage pattern in the pre-UNE 
samples does not match the natural damage 
patterns found in tectonic studies. This is a bit 
puzzling but may be due to some other mate-
rial property influencing microfracture density 
in these samples, perhaps the nature and degree 
of crystallization.

Comparing the pre-UNE to post-UNE PW 
samples from Barnwell, microfracture densities 
are larger in the post-UNE samples, which 
suggests UNE-induced damage. This increase 

in microfractures apparently overcomes the 
pre-existing variability in the degree of welding 
among samples.

The post-UNE PW sample at Disko Elm 
also has a larger microfracture density than the 
pre-UNE PW sample (Table 3, Fig. 5). At this 
location, the degree of welding is essentially 
the same in pre- and post-UNE PW samples 
and therefore would not be expected to affect 
microfracture densities. These PW rocks are 
from a shallow unit and therefore further from 
the UNE source at both sites. Considering the 
location of these samples, we suspect spallation 
processes, where the shock wave interacts with 
the ground surface (e.g., Khalturin et al., 2005; 
Jordan et  al., 2015), may have induced the 
observed fracturing in PW samples.

Strongly welded (SW). In the SW samples, we 
observe a positive correlation between welding 
and microfracture density, where more strongly 
welded samples have greater numbers of micro-
fractures. This is expected from studies in natu-
rally deformed environments. Induration due to 
fusion and compaction of all pumice and matrix 
components allows deformation via extensive 
transgranular microfracturing (Figs. 4D–4F and 
5). We observe significantly more transgranular 
microfractures in SW units than in PW units at 
both locations, which is also expected.

At Barnwell, microfracture densities are 
slightly higher in post-UNE samples than in 
pre-UNE samples. However, it is less clear if 
this is a result of damage from the UNE. Within 
each set of pre-UNE or post-UNE samples, 
higher microfracture densities correlate with a 
higher degree of welding. The average degree 
of welding, as defined by pumice aspect ratio, 
is higher in the post-UNE set than the pre-UNE 
set (Table 1). Therefore, the apparent increase 
in microfractures between pre-UNE and post-
UNE samples may result from differences in 
texture and pre-existing fractures. Among Barn-
well SW samples, both microfracture density 
and the degree of welding increase with sample 
depth. Thus, it is unclear whether that downward 
increase is from natural pre-existing variation or 
due to increased fracturing with proximity to the 
UNE source, which is hundreds of meters away 
from these samples.

Post-UNE SW samples at Disko Elm have 
larger microfracture densities than pre-UNE 
SW samples. The degrees of welding and unit 
thicknesses are similar for both pre-and post-
UNE SW samples, which suggests that the UNE 
contributes to microscale damage in this unit.

Rhyolitic lava and vitrophyre (RL). Although 
the RL unit at Barnwell is poorly matched 
with pre-UNE analogs, we can expand on the 
microstructures observed and implications for 
deformation mechanisms in this post-UNE 
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vitric unit. Since the RL samples are indurated, 
we expected to observe higher densities of 
microfractures, particularly transgranular 
ones, relative to less indurated units. We do 
observe large microfracture densities, higher 
than the strongly welded units above, with the 
transgranular microfractures being the most 
numerous (Fig. 5). Microfractures observed in 
this unit have predominantly small apertures 
(1–5 μm), with several curved microfractures 
branching from a single microfracture and 
commonly terminating within a millimeter of 
the branch point (i.e., most microfractures are 
not through-going within a sample; Figs. 4G–
4I). The morphology of these microfractures 
suggests that they formed as a result of hydration 
during cooling of the lava (McPhie et al., 1993; 
Gimeno et al., 2003) and may not be an indication 
of UNE-related deformation. However, as 
explained earlier in the discussion, we do not 
have an appropriate pre-UNE analogue for this 
highly microfractured unit, so we don’t know if 
these microfractures were present but in lesser 
amounts before the UNE test.

Vitric, nonwelded (VN). In VN samples from 
both locations, microfracture densities are gen-
erally low, as expected from previous work, but 
quite variable. Microfracture densities in this 
lithology have different patterns at the two sites. 
At Barnwell, post-UNE microfracture densities 
are all well above the pre-UNE sample values 
for all microfracture types except for grain 
boundary, where they are equal and total zero. 
However, at Disko Elm, post-UNE microfrac-
ture densities are still within the pre-UNE range 
for all microfracture types. Therefore, the num-
ber of microfractures in this lithology may not 
fully reflect UNE-induced damage. Instead, the 
microfracture densities appear to be controlled 
by lithologic variations. In most VN thin sec-
tions, there is little to no grain-contact area, 
and microfracture densities, especially trans-
granular microfracture densities, are very low. 
However, in some thin sections, individual glass 
shards, lithic clasts, phenocrysts, and pumice 
were observed to be compacted just enough 
to increase grain-contact area, which allowed 
impingement cracks to form (Figs. 4J–4L).

We hypothesize that the lack of UNE-
induced increase in microfracture density in the 
VN unit at Disko Elm may be due to more grain 
rearrangement (sliding, rotation, and pore space 
reduction) prior to fracturing at Disko Elm than 
at Barnwell. This is likely due to variations in 
grain sorting in these units. At both locations, 
stronger components (phenocrysts, lithic frag-
ments, and pumice) are supported in a matrix of 
nonwelded ash and glass shards. There is only 
one VN sample that is not matrix-supported: 
Barnwell post-UNE sample at 220.1 m, which 

is phenocryst and pumice-supported with very 
little matrix (and it has an abnormally high 
microfracture density, likely for that reason). 
At Disko Elm, the stronger components are 
more abundant than the groundmass (Table 2) 
but still supported by that matrix, which results 
in a more poorly sorted assemblage that allows 
for more grain sliding, rotation, and collapse 
of pore space before fracturing occurs (e.g., 
Skurtveit et al., 2013). At Barnwell, the rela-
tively large amount of groundmass and smaller 
pumice sizes reduce this effect. This grain rear-
rangement, which could be more significant at 
Disko Elm, can act to absorb the explosive 
energy from the UNE without creating new 
microfractures. This behavior, although dif-
ficult to quantify, is important to incorporate 
when modeling UNE damage, because these 
poorly characterized units could be partly 
shielding the shock-wave energy from over-
lying units and the surface, which may affect 
the outgoing pulse shapes and ground motion 
during the monitoring of UNEs (e.g., Fourney 
et al., 1993, 1994).

Pore collapse, in the form of pore-surround-
ing fractures or full-scale collapse with mate-
rial filling pores, was not commonly observed. 
Some pores, especially unbroken pumice vesi-
cles, were filled with broken material but with 
no definitive evidence that this was a result 
of postdepositional cataclasis (Figs.  4J–4K). 
Microporosity data from pre- and post-UNE 
samples can provide an estimate of grain rear-
rangement and pore compaction in the absence 
of microfractures. In all pre- and post-UNE 
VN sample pairs, microporosity decreases for 
the post-UNE sample range from 3% to 10% 
(Tables 1–2). While this decrease in porosity is 
small and based on data from one representa-
tive sample in each VN unit, it may indicate 
that pore compaction and grain rearrangement 
occurred without producing any directly observ-
able indicators of damage, as invoked by oth-
ers to explain their experimental sand compac-
tion results (e.g., Karner et al., 2005; Skurtveit 
et al., 2013)

Zeolitic, nonwelded (ZN). In ZN units, post-
UNE samples have larger numbers of micro-
fractures, especially grain-boundary micro-
fractures, at both the Barnwell and Disko Elm 
sites (Figs. 4M–4O and 5). At Disko Elm, there 
is a prominent trend of increasing fractures 
with decreasing distance from the UNE source 
(Fig. 6). This trend is not a function of depth, 
as RE-7 was drilled upwards to approach the 
source, and UE-12p#7 was drilled vertically 
downward toward the source (see Fig. 2). This 
strongly supports the interpretation that many of 
these microfractures were created by the UNE. 
Total microfracture densities for post-UNE 

samples are all above or at the high end of the 
pre-UNE range, which suggests that microfrac-
ture density is influenced by UNE damage. At 
Barnwell, we observe more intense microscale 
deformation in the form of pore collapse and the 
crushing of postdepositional crystal-fill in some 
pumice voids in only the deepest (516 m drilling 
depth) sample, but there is no increase in post-
UNE microfracture densities with depth (i.e., 
proximity to the UNE).

All microfractures in the pre-UNE ZN sample 
at Barnwell are intragranular, whereas post-UNE 
microfractures consist of intragranular, trans-
granular, and grain-boundary varieties. This 
suggests that UNE damage may create differ-
ent types of microfractures than the pre-existing 
tectonic type and may indicate a potential way 
to distinguish explosion-induced damage from 
tectonic damage, at least in some ZN rocks. 
However, these other microfracture types are 
found in pre-UNE Disko Elm samples, so this 
requires further study before it can be used as an 
indicator of UNEs.

At Disko Elm, most post-UNE ZN microfrac-
ture densities are higher than the pre-UNE val-
ues. The degree of zeolitization varies, primarily 
increasing with depth in both pre- and post-UNE 
samples, with minor variations. As the degree of 
zeolitization increases, total microfracture den-
sity also increases. For example, the few post-
UNE samples that have total microfracture den-
sities in the pre-UNE range are those samples 
with some vitric content remaining. For ZN 
samples containing no glass, total microfracture 
density correlates with zeolite crystal growth 
and interconnectivity, especially within the 
∼50-m-range distance of the UNE.

Within this 50-m-damage zone, range dis-
tance is not the only factor controlling the micro-
fracture densities of Disko Elm samples. For 
example, microfracture densities at the 36.9 m 
and 35.4 m range distances are lower than those 
of the neighboring samples. These samples 
have more groundmass (composed of matrix 
material) than pumice or phenocrysts than the 
adjacent, more microfractured samples. So, 
even within a distinctly defined damage zone, 
lithologic properties still appear to influence the 
degree of deformation.

If we also consider the relative densities of 
each type of microfracture in samples at Disko 
Elm, we see that post-UNE, transgranular 
microfracture densities increase with proximity 
to the UNE within ∼50-m-range distance of 
the UNE, which possibly marks the zonation 
of damage associated with the UNE. Post-UNE 
grain-boundary microfracture densities are 
consistently above the pre-UNE range for the 
entire ZN unit from Disko Elm. Some of these 
post-UNE samples have up to four times the 
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number of grain-boundary microfractures than 
the pre-UNE sample with the highest density 
of this microfracture type. This suggests that 
grain-boundary microfracturing is the main 
UNE-induced deformation mechanism active in 
this unit both within and beyond the 50-m-range 
distance surrounding the UNE source. Grain 
boundary fractures are not as common at the 
Barnwell site, although they are clearly above 
the background value of 0.

Interpretations of Damage, by Range 
Distance

Understanding the effects of lithology on 
fracture patterns is complicated by the dynamic 
regimes around UNEs. For both of these UNEs, 
the explosions were centered in the ZN lithol-
ogy. In addition, the shallow units, where spall 
damage would occur, primarily consist of the 
PW and SW units. The most noticeable trend 
regarding range distance is the increase in micro-
fracture density with decreasing range distance, 
which occurs within 50 m of Disko Elm (Fig. 6).

Near-source (<50-m-range distance from 
UNE): At Disko Elm, samples collected from 
near the UNE source showed high numbers 
of grain boundary fractures and moderately 
high numbers of transgranular and intragranu-
lar microfractures, as compared with pre-UNE 
samples. This regime is expected to be damaged 
via very large peak stresses. At Barnwell, where 
the closest samples were still 188 m away from 
the source, there is an apparent increase in the 
intensity of microdamage in the closest samples 
and more grain-boundary fractures relative to the 
pre-Barnwell samples but not to the pre-Disko 
Elm equivalents.

These results are consistent with findings 
by Martin et  al. (1993), who compared 
microstructural characteristics in pre- and post-
UNE zeolitic, nonwelded tuff from other cores 
near Disko Elm. Similar to our results, they find 
that the frequency of microfractures appeared 
to be a function of both the proximity to the 
source and the material composition. They also 
interpret that shock (dynamic) loading damage 
structure could be overshadowed by the effects 
of mineralogy and initial high porosity of the tuff, 
particularly at longer range distances, although 
they did not examine samples from the longer 
distances we studied here. They also found that 
UNE damage (but not lab-induced damage to 
samples that experienced the same peak stress) 
was largely homogeneously distributed, with 
no signs of incipient localization. Since they 
only studied the ZN component of the rock, our 
results are the first to indicate that the influence 
of pre-existing texture is strong among all 
lithologic groups above this UNE. In addition, 
our results show that a lack of localization 

occurs within all lithologic units, as we found 
no deformation bands, even among units that 
tend to form deformation bands under tectonic 
stresses (i.e., the VN samples).

Deformation Mechanisms
Our finding of increased microfracture 

densities for all lithologies following UNEs, 
with the exception of VN at Disko Elm, raises 
some interesting questions. The first is why VN 
samples at Disko Elm don’t show damage, when 
samples neighboring those with other textures 
do show damage. One potential explanation is 
that the damage isn’t there. A second potential 
explanation is that damage is there, but we can’t 
see it in the microfracture counts.

The locations of the VN samples make the 
first option possible: they are between the near-
source ZN samples and the near-surface PW, 
SW, and potentially RL samples that may have 
experienced destructive interference between 
the direct stresses and the stresses reflected off 
the surface (spall). Since the VN samples sit in 
this same relative location at both Barnwell and 
Disko Elm, this possibility cannot be ruled out. 
However, VN samples have, by far, the lowest 
strengths (Broome et  al., 2019), so it would 
be odd for the surrounding textures to deform 
at higher stresses and not induce damage in 
VN samples.

The second option is that the VN 
samples deform by mechanisms other than 
microfracturing. This interpretation is supported 
by previous work showing that vitric, nonwelded 
rocks tend to deform in deformation bands 
instead of fractures, which contains grain-scale 
fracturing and pore collapse (e.g., Wilson et al., 
2003b). While some collapsed pores were 
observed in these VN samples, they were not 
widespread. Microporosity data is suggestive 
of some pore collapse (post-UNE samples have 
microporosity values ∼20% lower; Table  2), 
but the data are too limited for a definitive 
interpretation. In addition, deformation bands 
were not observed.

The lack of deformation bands is puzzling, 
and some work suggests that in post-UNE sam-
ples, this may result from the high loading strain 
rates. The high strain rates associated with UNEs 
may preferentially induce distributed, over local-
ized damage (Martin et al., 1993), and release 
more flaws and releasing more energy than tec-
tonic damage (Grady and Kipp, 1993; Zwiessler 
et  al., 2017), particularly in porous materials 
(Buhl et al., 2014). However, an explanation due 
to high strain rates would not explain the lack 
of deformation bands in the pre-UNE samples. 
This lack of deformation bands in pre-UNE VN 
samples remains enigmatic, especially since 
deformation bands are observed in the field in 

the VN lithologies of neighboring units (Sweet-
kind and Drake, 2007). We suspect that widely 
spaced deformation bands exist in these VN 
units, but our sampling missed them. Thus, it 
remains unclear why the VN samples show so 
little damage from the UNE. Future work will 
be needed to resolve how this porous, weak rock 
accommodates damage.

CONCLUSIONS

We find that a slightly higher microfracture 
density is present in most post-UNE samples 
compared to pre-UNE samples, even at much 
greater distances from the explosive source than 
was previously considered. A distinctly larger 
number of microfractures, particularly grain-
boundary and intragranular microfractures, 
occurs within 50 m of Disko Elm. Outside of 
this close range, damage continues in a more 
subtle manner all the way up to the near-surface 
samples. However, for most locations, the 
increase over pre-UNE samples is small (usually 
less than two times the pre-UNE average) and 
requires the pre-UNE comparison samples 
to be a very good match, both texturally and 
compositionally. For these more distal samples, 
the degree of UNE-induced damage appears to 
be controlled largely by sample texture, with 
strongly and partially welded samples containing 
larger numbers of microfractures at both sites for 
all types of microfractures.

For vitric, nonwelded samples, only one of 
the two sites shows an increase in microfractures 
over pre-UNE equivalents. Despite the lack of 
apparent UNE-induced fractures in the Disko 
Elm vitric, nonwelded samples, these samples 
do show a reduction in microporosity. Thus, 
damage may be accommodated in these samples 
at a scale even smaller than can be observed 
from thin sections, such as in a distributed 
manner. The subtle nature of deformation in 
this unit requires further study to understand its 
mechanisms. Damage in the Disko Elm vitric, 
nonwelded samples do not manifest as large, 
continuous fractures, as is currently modeled 
(e.g., Carrigan et al., 2020).

Shock-induced microfractures manifest more 
commonly as grain boundary and transgranu-
lar microfractures, particularly near the source. 
These types of fractures would be more likely 
to increase the transport of radionuclides than 
either smaller intragranular fractures or pore 
crush. The extent to which lithology affects 
near-source deformation mechanisms remains 
unclear, as we were only able to examine rocks 
from explosions in zeolitic, nonwelded tuffs.

We argue that deformation is dependent on 
the varying material properties, both within 
and between lithologies, as well as the distance 
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from the UNE source. At these sites, damage 
manifests as a subtle increase in microfracture 
density for most locations in the subsurface and 
more significant damage within ∼50 m of the 
UNE. The weakest material at middle depths, 
vitric, nonwelded tuff, is affected by the UNE 
in a way that is difficult to quantify. In any case, 
the nature, quantity, and extent of microfractures 
affects both the continued stress propagation 
into the overlying units, as well as gas migration 
through the rock, and need to be considered in 
future modeling efforts.
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