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Introduction and Background Sample Characterization Modeling
Vitric Nonwelded Tuff Approach
The flow of the N2, Ar, Xe, and SF6 mixture is modeled using PFLOTRAN with the Klinkenberg expression for effective gas permeability:

Introduction Rhyolitic Lava
The Underground Nuclear Explosion Signature Experiment (UNESE) is a multi-laboratory effort to improve U.S. capabilities to detect, locate, identify, and characterize under-
ground nuclear explosions. Here we present a lab-scale experiment developed to test advective gas transport though rock samples at in-situ conditions, and results of tests per- Micro-CT | o 3y | | . | | o
formed at ambient conditions on rocks collected from the site of a field-scale experiment. Gas transport results are compared to pore and fracture networks of the same sam- After gas flow testing, the endcaps and metal frits were removed ko o=k (1+= where k] is the absolute (or liquid) permeability, b is the Klinkenberg coefficient, and p is the average pressure. In PFLOTRAN, the Klinkenberg coefficient is
ples characterized by micro-CT and petrographic microscopy. Future work will use this experimental apparatus to interrogate advective gas transport at a variety of relevant from the samples. Th’e samples were scanned on a Micro-CT and g [ 35 broken into two components
pressure and temperature conditions. the data processed in PerGeos A o | | |
' b = Bkl The parameter estimation code PEST (Doherty, 2015) is used to obtain kl, b, and the porosity .
Background Petrography One set of parameters are estimated from a suite of three gas-flow tests. The same sample is used in all three tests (approximately 200, 1500, and 2000 mbar initial pressure in
lonizing radiation produced by a nuclear explosion result in the production of radioactive isotopes of argon, xenon, and other gases which have extremely low atmospheric con- The samples were impregnated with epoxy, and sliced: the slices bolus), and PEST is used to estimate a parameter set that best fits all three tests simultaneously.
centrations. *"Ar (half-life: 34.05 days) and "**Xe (half-life: 5.25 days) are useful tracers of UNEs because they have low detection thresholds and their short half-lives can be were made into thin sections for petrographic characterization and Model d _ d bound diti
used to determine when the UNE took place. UNEs conducted at the NNSS (formerly NTS) in the early 1990s showed that more diffusive gases reached the surface more analysis. All thin section images and microfracture data were col- Tr? ﬁ omatln an Ji ount_ arg codntl '?["g di onal i th Th t bound dition i ied t tch th q The d
slowly than less diffusive gases. This non-intuitive observation was explained by Carrigan et al. (1996) as the result of more diffusive *'Ar diffusing into pores more readily than lected using an Olympus Polarizing Microscope equipped with a t e Ovl\; SySdem is |§F;re ized an tredatTq as a one- IU[rr;]e.n?LongMgw paln. 1he upsiream pressure boundary condition IS applied 10 match the measured pressure. [he aown-
SFe (a proxy for '**Xe), and therefore being delayed relative to SFe during barometric pumping. Carrigan et al., (1996) suggested that naturally occurring fracture networks and digital camera and CellSens imaging software. Figures show CT stream boundary condition represented the pressure within the '
faults were the primary conduits for these radiogenic gases and, for this reason, proposed that collection of gas samples for UNE detection should prioritize faults and fracture data and photomicrographs of the Rhyolitic Lava and Vitric Non- Fl deli it . sample  LeakValve
networks over proximity to ground zero. To examine the effect of different rock types on flow and transport properties of Ar, Xe, and SFe, we have developed an apparatus and welded Tuff, which were selected to illustrated the least and most 1 °V_‘I'_hm° € '3_9 resutts | sinale-oh A del q the total 0 din th _ t " I
methodology capable of simulating conditions of an UNE. For these laboratory experiments, samples were run at surface pressure and temperature conditions, and barometric permeable samples we tested, respectively. The left column are all ' The one;j Tnen:;uona SITE teh-p ase gta‘j’j ow(;noh © retprg t_ucer? © Cf)t?] prebssurech) Servedin the experiments quite Wetl.
pumping was not implemented, however future experiments will simulate these parameters. Additionally, in order to understand which fractures were responsible for the migra- images of the Rhyolitic Lava, and the right column are all images of 5 Kii ekmcE) el cap ;Jrre_s to © maghitu fe an (f[ a_ractflrlsﬂlc sbarr)]e ° fe © lftervte presstutrr? rﬁgpr?ns:{esg ut bilit |
tion of gases, the rocks and fractures in which the laboratory experiments took place were well characterized by a suite of techniques including micro-CT and optical microsco- the Vitric Nonwelded Tuff. - AJINKENDberg COeTNCIents are necessary 1or capturing the fiow benavior for alt tests except the highest absolute permeabliity sampie.
py. Representative samples were selected from core recovered from a borehole adjacent to a legacy UNE. The five lithologies included in this study are: Rhyolitic lava (RL), ze- 3. The lowest pressure tests (approximately 200 mbar) are most sensitive to the Klinkenberg coetficient, and lower permeability
olitic nonwelded tuff (ZN), partially welded tuff (PW), vitric nonwelded tuff (VN), and strongly welded tuff (SW). Microfracture densities and fracture properties such as sealing samples are more sensitive to this parameter than higher permeability samples. QMS BC
are reported to identify which fractures served as gas migration pathways. As part of this ongoing project, we are currently mapping the fractures in three-dimensions. 4. The hlgher-prgssure tests are more sensitive fto the absolute permeability and porosity of the sample than the lower-pressure tests, but
_ o o all three tests in each set contribute to the estimate of these parameters.
ﬁageig’bfTAﬁC’%‘]CT%aﬁs of the _Rh};O;’t’; %a_val;’:md.VI(l;r_IC 5. The downstream permeability of the leak valve to the quadrupole mass spectrometer is the least sensitive parameter in all tests at all pressures.
onwelded Tuff. The core is approximately 2.5 inches in di-
ameter and 2.0 inches tall. The top row shows 3D models of NG4 901.1-901.4 NG4 901.1-901.4
open space in the two samples created from CT scans of the S — 2 120
. : > of * e 100 —
Experlmental Appa ratus and Methodology core. The lower row shows slices of the cores at representa- S lso @
tive depths in the core. The hour-glass shadow structure in B —af — AdinkA  — =
Experimental Design the Rhyolitic lava is interpreted as an artifact of the scan, aggsjgv %#ng; e?r,:d(gi) Lg)i;f:é 6 ol kB T QNS leak 15 =
In addition to diffusivity, it is likely that dissolution of gas into water plays a role in the retardation of gas transport rates, and therefore any experimental apparatus should include howev.e{’ the. linear f.eatures V’?’t_)le are fractures, W_h’Ch are sures for lowest (top left; RL) and -10kL
the ability to adjust the water saturation of a sample. While this experiment used dry samples, future testing should include partial water saturation. Four gases were selected for also visible in the slice. The Vitric Nonwelded Tuff is hetero- 7] highest (bottom left: VN)’ absolute 10
the gas mix to interrogate the transport properties of different samples: Nz (80%), Ar (6.67%), Xe (6.67%), and SFs (6.67%). In terms of the extraction line, samples were prepared geneous and fractures are below the resolution of the CT 1" bilit I’ Mode! 2 _13:
from 2.5” core by end-grinding and jacketing in UV-Cure epoxy with a porous metal frit and end caps on each end. Samples are connected to the extraction line and can be pumped scan (approximately 13 um). permeaniiily samples. Model pre- E 20l
to 0.100 mbar or better. Relative to the sample, the upstream volume consists of a gas reservoir we call ‘the bolus’ which has a known volume of 50.2 mL and a pressure gauge dICtlon.S downstream given by c —30f
with a range from 500 — 2000 mbar. A manual valve separates the upstream volume from the sample. Downstream of the sample are two pressure gauges (a Pirani gauge and a 1 green line. Upstree?m observed  § -aof
Cold-Cathode/Pirani combo gauge), and the inlet leak valve. The leak valve is capable of high-precision reproducibility and allows the pressure in the extraction line to go from pressure was assigned at up- _ig
0.050 mbar to 2000 mbar without raising the vacuum in the quadrupole mass analyzer above 1x10-°> mbar. The leak valve is set prior to running any experiments, and is not ] stream Dirichlet boundary condi- _ 4
changed throughout the experiment. tion. S 21
Zeolitic Nonwelded Tuff 5 -30
Procedures . . . — ———— 5o
For each sample, three sets of runs are conducted at different initial pressures of the gas in the boblus: low pressure (~200 mbar), medium pressure (~1500 mbar), and high pres- Micro-CT 3D model (left), Micro-CT (middle) and surfece F ol - - et 60 bzt
sure (~2000 mbair). photomicrograph (right) slices of zeolitic nonwelded — o oL | ' w0 v w0 w n
tuff. Micro-CT slices are rotated relative to photomi- tIsec]
1. Prepare and jacket sample 6. Configure valves for analysis and begin recording on quadrupole crograph slices, but are from approximately the
2. Install sample in line 7. Allow baselines to come to an equilibrium state same part of the sample. Large-scale fractures visi- NG4 519.7-520.7
3. Vacuum line to 0.100 mbar or below 8. Open bolus ble in the CT and photomicrograph slices are not 120 , ~ N : - 1 —
4. Charge bolus with gas mixture up to 200, 1500, and 2000 mbar (nominally) 9. Record until upstream and downstream pressures equalize visible in the 3D model, suggesting they are just F lgg | °? Ius = 200 mbar 2 _2: =
5. Vacuum line to 0.100 mbar or below 10. Measure the ion current of the different gas species with QMA in real time below the resolution of the CT modeling capabili- 'E | .o | E :g — Kink A : T ol 'g
ties or they are obscured by the pores. —— S & e = = 4or 1 % —4}| — KinkB == kQMS leak T 140 =
Schematic diagram (left) and photo (below) of the extraction line. W R o O R = 23 e o . ______ | Sensitivity of model parameters @ — ' | 30 =
Upstream QMA = quadrupole mass analyzer. \% ' o3 w10 __________ through time for least permeable 800
Volume The metering valve is only used for system % = 700f o #®*%ecy_ bolus = 1,500 mbar| sample (top right; RL) and most 2 790
testing and is opened all the way during sample runs. - g 3 3 igg - o e o 1 permeable sample (bottom right; g - ggg P
| ——— ;T = % 300 1 VN). Observed pressure given by @ 139 E
. '_E!_‘_i_—? = 100} | dotted line. Colored curves are & 100 S
Isolation ot Stack of Rhyolitic Lava slices (left) for context. Each slice is ap- ) A | — columns of Jacobian matrix at op- 1000
Valve CE proximately 1.5 inches in length and 0.8 inches in width and are = 800} o e bolus = 2,000 mbar. timum. 2 800 T
E taken at 0.25-inch intervals from the core. Stack of Vitric Non- -ré 600 - : 2 1600 é
Sample L welded Tuff slices (right) for context. Each slice is approximately = ‘z‘gg e . 1 § 1 ;‘gg =
P "3 1.5 inches in length and 0.8 inches in width and are taken at 0.25 R S o & |-
- inch intervals from the core. Blue-dyed epoxy was introduced to 107 10° 10
the bottom portion of the sample in order to increase sample in- t [sec] t [sec]
@ Meterin g NG '\{v tegrity during slicing.
Valve qaot.l
Summary and Conclusions
Down- Photomicrograph (left) of sealed.mic_rofracture t{’ansecting rhyolitic Y
stream @ Q MA glass e?nd phen.ocry.st. Field .of.wew IS ?.6 mm; image taken under
Volume | Leak Photo of the Rhyolitic Lava A close-up photo of the leak valve. pla{ve light and_/s or/enteq within a v_en‘/cal slice of the core. Photo- absolute (liquid)  Kiinkenk ) | apparent open microfracture density open microfracture
ed jacketed and ready to be The knurled knobs on top are for micrograph (right) showing the variety of pore spaces (blue) and Samole ID porosity, ® o meability, k ";f.ef‘ iri |:Ic_)r05| ty,t(p (meaic;ure.th permeability, k,,, (m?) (mf/mm) measured in horizontal density (mf/mm)
Valve installed in the extraction line. adjusting the leak rate. heterogeneity of grains in Vitric Nonwelded Tuff, including vesicu- ampie (model) (m?) (mode;) ! c(:;z) ;frll(::ie,l) 2 r::ﬁﬁl:n poofjgi]r?\ :t;\:,l) (measured on plane (averaged from 8 thin measured in vertical
lar pumice, phenocrysts, lithic fragments, glass shards, and mi- sample) sections) plane
: cron-sized ash. Field of view is 2.6 mm; image taken under plane NG4 901.1-901.4 (RL) 0.01 1.18E-16 3.87E+04 0.03 9.0E-17 1.3 1.4
Experlmental ReSUItS light and is oriented within a vertical si(/']ce of the core. NG4 1127.8-1128.1 (ZN) 0.11 4.24E-15 2.71E+03 0.17 1.2E-15 0.5 0.2
Strongly Welded Tuff Bolus Pressure - 200 mbar NG4 67.0-67.8 (SW) 0.09 4.85E-15 9.61E+03 0.12 2.3E-15 0.5 0.5
Experiments are conducted until the upstream pressure and down- 0.07 11200 0.06 g NG4 29.6-30.2 (PW) 0.26 2.83E-14 1.34E+04 0.29 1.9E-14 0.2 0.1
stream pressure equalize, the timing of which is different from sample oosl ! e it S S S TS 0.05) | NG4 519.7-520.7 (VN) 0.34 8.81E-14 7.16E+03 0.23 5.7E-14 0.8 0.6
to sample. Upon opening the bolus to the system, pressure down- \ ,/ 11090
stream begins to increase immediately and is proportional to the de- I :‘ 004 | _ _ y _ . We have developed and tested an experimental apparatus to measure flow and transport Permeability Ys Microfr?cture Density
crease in the pressure upstream. The concentration of Ar, Xe, and coosr o . 003} . /?hOtO”_?’C"OQ”?Ph_(/eﬂ) ofmultlple Pef/’tlc_ mlcrofracturgs sgaled characteristics of radioisotopic noble gases at in-situ pressure and temperature. (optically determined)
SFe in the QMS begins to increase quickly, but not immediately, and S AN E % with a highly birefringent mineral. Most microfractures in this rock . The apparatus includes advective flow and transport. with a interoretative modelin 8 1
the delay time is longer in less permeable samples. At the field scale, 2 § ™ 8™ ' type resemble the ones in this image, which are sealed and con- techn?pues that obtains the non-Darcy aas flow para,m ster (KIinksnber coeffeian t? |° Data
SFes was observed before Xe, which was observed before Ar, but in ° ooz 1 d Laog & © oo 1 verge on each other rather than transecting large portions of the h bq table sh ol y(gj; P f bet the <t dg q ' ::"e'a‘eg’:‘::d”h:”f'::f";"s"y"(“f/f'/"'“’)
the lab we see Ar break through fir.sj[, followed by Xe and SFs which orl | :' — ol | rock. Field of view is 2.6 mm;: image taken under plane polarized . e above table s .ows reasona. e goo aglﬁeemen g ween the stan .a.r measure 6 L@ OA:::::To;Micr:r:m:m::;n:mr;mr::
are close together and change positions from run to run. The Ar and r - = s00xe || light and is oriented within a horizontal slice of the core. Photomi- ments, flow modeling, and optically determined porosity and permeability. .
Xe data are corrected for atmospheric composition, and the SF6 data or CTTRe -0.01f el crograph (right) of open microfractures that transect pumice and - The rock permeability shows an inverse relationship with micro-fracture density. ST e, Trendlines (log fit)
are summed. All data are normalized to the standardized gas mixture oot I Do P 002 . . S— hegocllj’ stsgthereb P connecting previously isolated P Ore SPACES ol e ::::::;ﬁ:ﬂ;ﬁ?:;f:;::mm;ﬁ)
(which is composed of 6.67% of each Ar, Xe, and SFs, and 80% N2). R U T 10" 10f C 107 10 10f ph ysts, y con gp Y 7P paces. Future work <+« Average Total Microfracture Density (mf/mm)
: - e : : ime (sec) Field of view is 1.3 mm; image taken under plane light and is ori-
The leak valve, being essentially a choked orifice, will fractionate the L : : o investigate the contribution of the matrix-vs-fracture on the permeability 3T
gases. The leak valve was set prior to experimentation such that Bolus Pressure - 1500 mbar Bolus Pressure - 2000 mbar ented within a horizontal slice of the core. . . L . . "y
oressure in the quadrupole did not rise above 1x10-* mbar with the 0.07 . . . . 0.07 . . T o flow test.lng and mgdellng undertrla?qal stress states to investigate stress sensitivity 5 | o
upstream side exposed to atmosphere. Tests were done to assess 0.06} j‘w' f | 0.06} & | for.the glven porosity and.fractu.re microstructure. 1 . 0
the amount of fractionation the leak valve introduced, but the amount ool w _ ool £ 3 _ o variable water content to investigate effects on breakthrough of gases Oa. . o
was insignificant relative to the uncertainty in our measurements. - ,{f' i 5 f Photomicrograph (left) of prominently sealed microfractures, as o collection of macrofracture density data 0 . . b.
s % 5: ﬁ' o ‘ g 0% EE ‘ well as less visible, very low-aperture (<3 um) open microfrac- o determination of macro- and micro- fracture apertures and orientations 80817 8.0-16 o O e, BOEM
One assumption we made when designing the extraction line was £ 003 .}f 3’:’ : £ 003 =7 : tures, cutting through rhyolitic glass. Field of view is 0.65 mm; Permeability (m*)
that the volume of gas sampled through the leak valve into the QMS 5 v 9 5 image taken under plane polarized light and is oriented within a
was very small compared to the downstream volume. For the 200 2 o ;Zf ,j,;” _ o i _ horizontal slice of the core. Photomicrograph (right) showing the References and ACkﬂ0W|edgementS
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