
In conclusion, pure H– conduction was real-
ized in the La2-x-ySrx+yLiH1-x+yO3-y system. The
present success in the construction of an all-
solid-state electrochemical cell exhibiting H– dif-
fusion confirms not only the capability of the
oxyhydride to act as an H– solid electrolyte but
also the possibility of developing electrochemical
solid devices based on H– conduction.

REFERENCES AND NOTES

1. N. Kamaya et al., Nat. Mater. 10, 682–686 (2011).
2. L. Malavasi, C. A. J. Fisher, M. S. Islam, Chem. Soc. Rev. 39,

4370–4387 (2010).
3. S. Hull, Rep. Prog. Phys. 67, 1233–1314 (2004).
4. R. Kanno, Y. Takeda, Y. Oda, H. Ikeda, O. Yamamoto,

Solid State Ion. 18–19, 1068–1072 (1986).
5. G. Dénès, G. Milova, M. C. Madamba, M. Perfiliev, Solid State Ion.

86–88, 77–82 (1996).
6. P. F. Lang, B. C. Smith, Dalton Trans. 39, 7786–7791

(2010).
7. H. Iwahara, H. Uchida, K. One, K. Ogaki, J. Electrochem. Soc.

135, 529–533 (1988).
8. A. F. Andresen, A. J. Maeland, D. Slotfeldt-Ellingsen, J. Solid

State Chem. 20, 93–101 (1977).
9. B. Wegner, R. Essmann, J. Bock, H. Jacobs, Eur. J. Solid State

Inorg. Chem. 29, 1217–1227 (1992).
10. F. Altorfer et al., Solid State Ion. 70–71, 272–277

(1994).
11. B. Zhu, X. Liu, Electrochem. Commun. 2, 10–14

(2000).
12. M. C. Verbraeken, E. Suard, J. T. S. Irvine, J. Mater. Chem. 19,

2766–2770 (2009).
13. M. C. Verbraeken, C. Cheung, E. Suard, J. T. S. Irvine,

Nat. Mater. 14, 95–100 (2015).
14. M. A. Hayward et al., Science 295, 1882–1884 (2002).
15. R. M. Helps, N. H. Rees, M. A. Hayward, Inorg. Chem. 49,

11062–11068 (2010).
16. Y. Kobayashi et al., Nat. Mater. 11, 507–511 (2012).
17. T. Sakaguchi et al., Inorg. Chem. 51, 11371–11376

(2012).
18. H. Schwarz, thesis, Univ. Karlsrühe (1991).
19. J. Bang et al., J. Am. Chem. Soc. 136, 7221–7224

(2014).
20. K. Hayashi, S. Matsuishi, T. Kamiya, M. Hirano, H. Hosono,

Nature 419, 462–465 (2002).
21. K. Hayashi, P. V. Sushko, A. L. Shluger, M. Hirano,

H. Hosono, J. Phys. Chem. B 109, 23836–23842
(2005).

22. S. Matsuishi, K. Hayashi, M. Hirano, H. Hosono, J. Am. Chem. Soc.
127, 12454–12455 (2005).

23. C. G. Van de Walle, Phys. Rev. Lett. 85, 1012–1015
(2000).

24. G. Chris, Nature 423, 626–628 (2003).
25. J. Zhang, G. Gou, B. Pan, J. Phys. Chem. C 118, 17254–17259

(2014).
26. Details of synthesis condition for the oxyhydrides are

described in supplementary materials.
27. J. P. Attfield, G. Ferey, J. Solid State Chem. 80, 112–119

(1989).
28. B. J. Neudecker, W. Weppner, J. Electrochem. Soc. 143,

2198–2203 (1996).
29. A. San-Martin, F. D. Manchester, Bull. Alloy Phase Diagrams 8,

30–42 (1987).

ACKNOWLEDGMENTS

This research was supported by JST, PRESTO, and Grant-in-Aid for
Young Scientists (A) no. 15H05497 and (B) no. 24750209; Grant-
in-Aid for Challenging Exploratory Research nos. 15K13803,
23655191, and 25620180; and Grant-in-Aid for Scientific Research
on Innovative Areas nos. 25106005 and 25106009, from the Japan
Society for the Promotion of Science. Synchrotron and neutron
radiation experiments were carried out as four projects approved
by the Japan Synchrotron Radiation Research Institute (JASRI)
(Proposal no. 2013A1704), the Japan Proton Accelerator Research
Complex (J-PARC) (Proposal no. 2010A0058), the Spallation Neutron
Source (SNS) in the Oakridge National Laboratory (Proposal no.
IPTS5808), and the Neutron Scattering Program Advisory Committee
of IMSS, KEK (Proposal no. 2014S10). A part of neutron experiments
(Proposal no. 2014S10) was performed at BL09 Special
environment neutron powder diffractometer (SPICA) developed by

the Research and Development Initiative for Scientific Innovation
of New Generation Batteries (RISING) project of the New Energy and
Industrial Technology Development Organization (NEDO).
Supercomputing time on the Academic Center for Computing and
Media Studies (ACCMS) at Kyoto University is gratefully
acknowledged. Further information regarding the materials and
methods is included in the supplementary materials. G.K., A.W., M.H.,
and R.K. have filed for a patent application with the Japan Patent
Office under no. JP2015-22868 on the H–- conductive oxyhydride
system and its manufacture.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/351/6279/1314/suppl/DC1
Materials and Methods
Supplemental Text
Figs. S1 to S11
Tables S1 to S7
References (30–39)

29 June 2015; accepted 20 January 2016
10.1126/science.aac9185

GAS INFRASTRUCTURE

Methane emissions from the 2015 Aliso
Canyon blowout in Los Angeles, CA
S. Conley,1,2*† G. Franco,3 I. Faloona,2 D. R. Blake,4 J. Peischl,5,6 T. B. Ryerson6†

Single-point failures of natural gas infrastructure can hamper methane emission control
strategies designed to mitigate climate change. The 23 October 2015 blowout of a well
connected to the Aliso Canyon underground storage facility in California resulted in a
massive release of natural gas. Analysis of methane and ethane data from dozens of plume
transects, collected during 13 research-aircraft flights between 7 November 2015 and
13 February 2016, shows atmospheric leak rates of up to 60 metric tons of methane and
4.5 metric tons of ethane per hour. At its peak, this blowout effectively doubled the
methane emission rate of the entire Los Angeles basin and, in total, released 97,100 metric
tons of methane to the atmosphere.

L
arge volumes of processed natural gas are
stored underground to accommodate var-
iability in energy demand on diurnal to
seasonal time scales. Underground storage
facilities constitute strategic gas reserves in

many countries worldwide, with a volume equal
to 10% of global annual consumption (1). Rough-
ly 86% of stockpiled natural gas in the United
States is stored at high pressure in depleted sub-
surface oil reservoirs (2). The Aliso Canyon stor-
age facility, a depleted subsurface oil reservoir
in the San Fernando Valley 40 km northwest of
Los Angeles, CA, has a total capacity of 168 billion
standard cubic feet (SCF) (4.79 × 109 m3) at stan-
dard temperature and pressure, of which only
86 billion SCF (2.5 × 109 m3; the “working capac-
ity”) is routinely accessed for commercial use
(2). It is the fourth largest facility of its kind in
theUnited States, accounting for 2.1% of the total
U.S. natural gas storage in 2014 (2). Processed
natural gas is composed primarily of methane
(CH4), a powerful greenhouse gas, and ethane
(C2H6), both of which can lead to background
tropospheric ozone production; at sufficiently

high concentrations, natural gas leaks pose an
explosion hazard and, if inhaled, can induce nau-
sea, headaches, and impaired coordination. Ex-
posure to odorants that are added to natural
gas, which are typically sulfur-containing com-
pounds such as tetrahydrothiophene [(CH2)4S]
and 2-methylpropane-2-thiol [t-butylmercaptan;
(CH3)3CSH] can cause short-term loss of the
sense of smell, headaches, and respiratory tract
irritation. Major natural gas leaks therefore can
have adverse impacts on climate, air quality, and
human health.
On 23 October 2015, a major natural gas leak

of indeterminate size was reported in the Aliso
Canyon area andwas later identified as originating
from SS-25, one of 115 wells connected to the sub-
surface storage reservoir. The SS-25 well began oil
production in 1954 and was converted to a gas
storage well in 1973 (3). Seven unsuccessful at-
tempts to close the leak have been reported. A
relief well intercepted the leaking pipe at a depth
of ~2600 m, below the subsurface breach; heavy
fluid injection (a “bottomkill”) temporarily halted
the leak on 11 February 2016, and cement injec-
tion sealed the well on 18 February 2016 (4).
We deployed a chemically instrumented

Mooney aircraft in 13 flights from 7 November
2015 to 13 February 2016. We measured CH4

and C2H6 to quantify the atmospheric leak rate
and to assess air quality downwind of the leaking
well (5). Ground-based whole-air sampling (WAS)
with stainless steel canisters on 23 December
2015, followed by laboratory analysis, provided
information on the chemical speciation of the leak-
ing hydrocarbonmixture.Weused the continuous
airborne data and the ground-basedWAS canister
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data to fingerprint the plume’s chemical compo-
sition, quantify the atmospheric leak rate, anddocu-
ment trends in the leak rate over time.
The airborne chemical data showed the con-

tinuing transport on northerly winds of excep-
tionally high concentrations of CH4 and C2H6

into the densely populated San Fernando Val-
ley, a few kilometers south of the leaking well
(Fig. 1). The plume C2H6-to-CH4 enhancement
ratio (ER) derived from linear least-squares re-
gression fits to the 23 December 2015 continuous
airborne data is identical, within total uncer-
tainties propagated by quadrature addition of
errors (6), to the plume ER derived from WAS
canister data taken at the surface on the same
day (Fig. 2A).
The hydrocarbon composition ofWAS canister

samples taken at surface locations in the San
Fernando Valley (Fig. 1) on 23 December 2015 (5)
is consistent with a leak of pipeline-quality proc-
essed natural gas with a hydrocarbon composi-
tion of ~95%CH4, ~4%C2H6, and ~0.3%propane
(C3H8) (table S1). Plume enhancements of natu-
ral gas liquids (ethane, propane, and butanes)
and condensates (pentanes and longer-chain hy-
drocarbons that are liquid at ambient temper-
ature and pressure) were detected (table S1) and
were probably responsible for reports of oily de-
posits on surfaces in downwind residential areas.
Trace enhancements of benzene, toluene, ethyl-
benzene, and xylene isomers (the so-called BTEX
compounds)were also detected at ratios of 0.001%
or lower relative to CH4 (table S1).
Benzene is a known human carcinogen (7);

thus, population exposure to benzene from the
Aliso Canyon leak has received particular atten-
tion. Composition data from the WAS canisters
indicate a benzene-to-CH4 enhancement ratio
of (5.2 ± 0.1) × 10−6 (uncertainties throughout
are ±1 SEM), which is broadly consistent with an
ER of ~7 × 10−6 found in highly concentrated
samples that were collected ~3 m downwind of
the SS-25 well site (8). Together, these samples
suggest minimal variation over time in the ben-
zene composition of the leaking gas. Publicly
available benzene data, reported in near-daily
12-hour air samples (9), were often below the
detection limit of 1 nmol/mol [or 1 part per bil-
lion (ppb)] of the contract laboratories used for
the analyses, but these data also show a relatively
constant ER over time. Plume benzene enhance-
ments can be estimated from the abundant CH4

data by multiplying plume CH4 enhancements
by the benzene-to-CH4 ER determined using the
research-grade WAS canister samples. Sulfur-
containing odorants were not measured, but
concentrations above the odor threshold can be
estimated similarly (Fig. 1) from observed CH4

enhancements by assuming an industry-standard
value of ~5 parts per million (ppm) of total odor-
ant in processed natural gas (10).
Continuous airborne CH4 and C2H6 data were

taken on each flight between 11 AM and 3:30 PM
(local time) with a resolution of 30m along-track
during repeated crosswind transects at multiple
altitudes from 60 to 1400m above ground. These
data define the horizontal and vertical extent of

the leaking natural gas plume on each flight (Fig.
1 and fig. S1). The flights provided highly spatially
resolved data from which an atmospheric mass
flux can be accurately calculated (11) within well-
defined uncertainties (12). Plumes from nearby
landfills have low concentrations of CH4, are easily
identified by their lack of co-emitted C2H6, and
were eliminated from further analysis. Background
levels of CH4 and C2H6 were measured during
aircraft transects onmultiple flights immediately

upwind, confirming the SS-25 well as the dom-
inant source of enhanced natural gas to the re-
gion. Operational restrictions on aircraft flight
patterns were imposed by the elevated terrain
at the leak site, the highly controlled airspace
of the San Fernando Valley, and the proximity
to approach corridors of the nearby Van Nuys
Airport (Fig. 1). These restrictions were overcome
by performing crosswind transects at multiple
altitudes immediately downwind of the leak site,
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Fig. 1. Aliso Canyon gas plume transport into populated areas. Airborne chemical data illustrate plume
transport into the San Fernando Valley; data from 10 November 2015 are shown. Plume enhancements
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which enabled accurate reconstruction of a ver-
tical concentration profile, even before the plume
had completely mixed throughout the full vertical
extent of the atmospheric boundary layer (5).
The chemical data show that the airborne

sampling captured the full vertical extent of the
lofted plumes on each flight day (fig. S1). Atmo-
spheric mass fluxes calculated from the chemical
data from each transect collected downwind (5)
suggest an average leak rate of 53 ± 3metric tons
of CH4 and 3.9 ± 0.3metric tons of C2H6 per hour
for the first six weeks of the leak, decreasing
thereafter (Fig. 2B and table S2). The decreasing
trend, which began around the first week of De-
cember 2015 (Fig. 2B and table S2), is consistent
with decreasing reservoir pressure in response to
the withdrawal of gas through other storage wells
connected to the subsurface reservoir, which was
done in a deliberate effort to slow the leak (13).
The lack of a decrease in the leak rate after the
first week of January 2016 is consistent with the
cessation of withdrawals to maintain a minimum
working pressure in the reservoir, which supplied
natural gas to customers in the greater Los Angeles
basin throughout the leak duration.
These data demonstrate that the blowout of

a single well in Aliso Canyon temporarily created
the largest known anthropogenic point source
of CH4 in the United States (14), effectively dou-
bling the leak rate of all other sources in the Los

Angeles basin combined (15, 16). Further, at its
peak, this leak rate exceeded that of the next
largest point source in the United States—an
underground coal mine in Alabama—by over a
factor of 2 (14) and was a factor of 10 larger than
the CH4 leak rate reported from the Total Elgin
rig blowout in the North Sea in 2012 (17). The
Aliso Canyon CH4 leak rates were comparable to
the total CH4 emission rates of entire oil and gas
production regions in the United States [e.g., the
Barnett shale, 76 metric tons per hour (18); the
Haynesville shale, 80 metric tons per hour (19);
the Fayetteville shale, 39metric tons per hour (19);
and the northeastern Marcellus shale, 15 metric
tons per hour (19)].
Our aircraft flights after the “bottom kill”

confirmed the cessation of flow from the SS-25
well on 11 February 2016 and revealed a residual
leak rate of <1 metric ton of CH4 per hour (Fig. 2B
and table S2), consistent with nonzero leak
rates observed at other natural gas, oil, and petro-
chemical facilities nationwide (16, 18–24). These
data show that over its 112-day duration, the Aliso
Canyon natural gas leak released a total of 97,100
metric tons (5.0 billion SCF) of CH4 (Fig. 2C) and
7300 metric tons (0.2 billion SCF) of C2H6 to the
atmosphere, which is equal to 24%of the CH4 and
56% of the C2H6 emitted each year from all
other sources in the Los Angeles basin com-
bined (16).

This CH4 release is the second largest of its
kind recorded in the United States, exceeded only
by the 6 billion SCF (115,000 metric tons) of natu-
ral gas released in the 2004 collapse of an under-
ground storage facility in Moss Bluff, TX, and
greatly surpassing the 0.1 billion SCF (1900metric
tons) of natural gas leaked from an underground
storage facility near Hutchinson, KS, in 2001
(25). Aliso Canyon will have the largest climate
impact by far, however, given that an explosion
and subsequent fire during theMoss Bluff release
combusted most of the leaked CH4, immediately
forming CO2. The total release from Aliso Can-
yon will substantially affect the State of Califor-
nia greenhouse gas (GHG) emission targets for
the year (26) and is equivalent to the annual en-
ergy sector CH4 emissions from medium-sized
EuropeanUnionnations (27). The radiative forcing
from this amount of CH4, integrated over the
next 100 years, is equal to that from the annual
GHG emissions of 572,000 passenger cars in the
United States (28). The volume of CH4 released
represents only 3% of the total capacity of the
Aliso Canyon storage facility, raising the possi-
bility of substantial additional emissions if the
leaking SS-25 well had not been sealed, or if the
remaining natural gas had not been withdrawn
through other wells, before the reservoir was
completely exhausted to the atmosphere.
The agreement reached at the 21st Conference

of the Parties (COP21) to the UN Framework Con-
vention on Climate Change (29) includes specific
requirements for the Parties to account for an-
thropogenic GHG emissions with accuracy and
completeness. In the post-COP21 world, rapid
evaluation of episodic GHG release events, such
as the Aliso Canyon blowout, will be an essential
contribution to meeting these requirements.
Our analysis quantifies a massive CH4 release

using a rapid, direct, and repeatable method
with known accuracy. As such, results from this
method serve as reference values for less direct
and timely estimates that use retrievals of surface
(30, 31), airborne (32), and/or satellite remote
sensing observations (33). For example, our air-
borne method offers a priori estimates of the
Aliso Canyon leak rates that can be used for
inverse modeling analysis of continuous in situ
CH4 monitoring data from fixed ground sites
(15, 34). This incident highlights the utility of
rapid-response airborne chemical sampling in
providing an independent, time-critical, accu-
rate, and spatially and temporally resolved leak
rate, as well as in ascertaining the source loca-
tion and plume chemical composition. Such infor-
mation can help to document human exposure,
formulate optimal well-control intervention strat-
egies, quantify the efficacy of deliberate control
measures, and assess the climate and air quality
impacts of major unanticipated chemical releases
to the atmosphere (35, 36).
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Fine-tuning of a radical-based reaction
by radical S-adenosyl-L-methionine
tryptophan lyase
Giuseppe Sicoli,1,2 Jean-Marie Mouesca,1,2 Laura Zeppieri,3 Patricia Amara,3

Lydie Martin,3 Anne–Laure Barra,4 Juan C. Fontecilla-Camps,3

Serge Gambarelli,1,2* Yvain Nicolet3*

The radical S-adenosyl-L-methionine tryptophan lyase NosL converts L-tryptophan
into 3-methylindolic acid, which is a precursor in the synthesis of the thiopeptide
antibiotic nosiheptide. Using electron paramagnetic resonance spectroscopy and
multiple L-tryptophan isotopologues, we trapped and characterized radical
intermediates that indicate a carboxyl fragment migration mechanism for NosL.
This is in contrast to a proposed fragmentation-recombination mechanism that
implied Ca–Cb bond cleavage of L-tryptophan. Although NosL resembles related
tyrosine lyases, subtle substrate motions in its active site are responsible for a
fine-tuned radical chemistry, which selects the Ca–C bond for disruption. This
mechanism highlights evolutionary adaptation to structural constraints in proteins
as a route to alternative enzyme function.

N
osiheptide, produced by Streptomyces
actuosus, is a highly modified, sulfur-rich,
polythiazolyl macrocyclic peptide anti-
biotic (1). This compound exhibits highly
potent activity against multidrug-resistant

strains of several gram-positive pathogens (2–5).
Originating from a 13-residue-long, ribosomally
synthesized peptide, nosiheptide contains a cen-
tral tetra-substituted pyridine ring, five thiazole
rings, and an unusual indolic acid (6, 7). The
latter is produced by the tryptophan lyase
(NosL) enzyme, which converts L-tryptophan to
themethylindolic acid (MIA) precursor that is sub-
sequently inserted into the thiopeptide (8, 9). NosL

belongs to the radical S-adenosyl-L-methionine
(SAM) protein superfamily, which uses a re-
duced [Fe4S4]

+ cluster and SAM to initiate a 5′-
deoxyadenosyl radical (5′-dA•)–based reaction
(10). Homologous tyrosine lyases (CofH, ThiH,
and HydG) cleave the Ca–Cb bond of tyrosine,
producing a p-cresyl radical and dehydroglycine
(DHG) (11–15).
Because of the prevalence of tyrosyl and

tryptophanyl radicals in proteins, it was initial-
ly proposed that the H-atom abstraction from
L-tyrosine and L-tryptophan by the highly reac-
tive 5′-dA• should take place at the L-tyrosine
phenol group and at the L-tryptophan indole ni-
trogen, respectively (9, 12, 14). However, a recent
NosL structure in complex with L-tryptophan (16)
indicates that theH-atom abstraction takes place
at the amino nitrogen atom (Fig. 1A). Biochem-
ical studies confirmed that this abstraction inNosL
is the first step in the conversion of L-tryptophan
into MIA. NosL can perform b-scissions from
the amino-centered radical intermediate at eith-
er Ca–Cb or Ca–C when using L-tryptophan
analogs (17, 18). These observations suggest a
relative propensity of NosL for substrate promis-
cuity that, combined with slight differences in
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Methane emissions from the 2015 Aliso Canyon blowout in Los Angeles, CA
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state and federal climate policy.
nearly double that of the entire Los Angeles region combined. Thus, single vulnerabilities can have major implications for
release rates of methane (a powerful greenhouse gas) and ethane throughout the leak. The methane release rates were 

 sampled the air column and determined dailyet al.February 2016. Over the course of 13 flights in the region, Conley 
reserves. One well at the site experienced a blowout in late October 2015 and began leaking gas until it was sealed in 

The Aliso Canyon underground gas storage facility outside Los Angeles, CA, houses enormous natural gas
The magnitude of a major methane leak
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