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ABSTRACT: Natural environments on Earth are amenable to a diverse array of chemical
reactions that can convert one form of nitrogen into another, often with the participation
of additional substances such as minerals, dissolved metals, and organic compounds. These
processes collectively define a natural chemical nitrogen cycle, analogous to the familiar
biologically driven cycle but even more intricate with respect to the number of pathways
by which nitrogen can be transformed and transported across land, air, and water. The
fully assembled abiotic nitrogen cycle manifests a landscape rich in opportunities for
investigation either with or without parallel attention to biological processes.
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S ince the pioneering work of Boussingault, de Saussure,
Reiset, and others in laying the conceptual foundation for
the natural nitrogen (N) cycle,'~* countless researchers have
contributed to understanding its architecture, largely by
following the microorganisms that change one form of N
into another. The same arrows used to represent these changes,
however, tell another story: for all of the biological trans-
formations in the N cycle, there are analogous abiotic reactions
that can operate in the same environments. Some have been
discovered recently, others have faded from view since they
were first discovered, but only a few have been assimilated into
the prevailing paradigm. The N cycle in current discussions®~ ">
is still surveyed and drawn almost exclusively around microbial
activity, despite evidence, old and new, that the abiotic
reactions relegated to the margins of these discussions may in
fact be more than marginal.
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Figure 1. Abiotic nitrogen transformations known to occur under
conditions found on the Earth’s surface. PON, particulate (solid)
organic N, including bulk organic matter such as soil and sediment,
and discrete compounds such as chitin and insoluble proteins; DON,
dissolved organic N, comprised of simple compounds such as amino
acids and relatively complex compounds such as ‘humic’ substances;
NO,, NO and/or NO,.
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Figure 1 traces the movement of N via abiotic trans-
formations, which include both photochemical and non-
photochemical (thermochemical) reactions. Table 1 compiles
these and additional reactions that have been observed naturally
or have been shown to occur under conditions found on the
Earth’s surface. Enzyme-mediated biological processes corre-
spond to most of these abiotic reactions but not all; in fact,
more abiotic transformations are possible directly from one
form of N to another than biotic transformations, imparting
additional complexity to the Earth’s “most advanced bio-
geochemical nutrient cycle”."”

A look through the literature confirms that most abiotic
reactions relevant to N cycling, particularly photochemical
reactions, have not attracted more than sporadic interest; their
contribution to N cycling therefore remains vague. A good
example is the photochemical fixation of dinitrogen (into
ammonia or nitrate), a notion still obscure to geoscientists
despite “significant evidence that this process occurs sponta-
neously in terrestrial settings”."” It has been suggested that 10
Tg of N year ' can be photochemically fixed on the Earth’s
deserts,"* which is comparable to what is fixed by lightning (2—
20 Tg of N year™"),'"”" and an appreciable amount relative to
total biological fixation across land ecosystems, estimated at
100—290 Tg of N year™},'® 150 Tg of N year™',"” or 40—100
Tg of N year .'® Photochemical fixation may be more
consequential in places where biological fixation is low: an
estimate for deserts of up to 20 kg of N ha™' year™" based on
measurements with sands'” is similar to biological fixation
estimated at 5—11 kg of N ha™! year™.'® Using data collected
with soils,” it can be calculated that up to 0.3 kg of N ha™"
year™! is photochemically fixed. Only two available assessments
of the abiotic process do not afford a robust comparison to the
biological process, but nevertheless attest that photochemical

Received: May 28, 2017
Revised:  August 3, 2017
Accepted: August 7, 2017

Published: August 16, 2017

DOI: 10.1021/acsearthspacechem.7b00059
ACS Earth Space Chem. 2017, 1, 411-421


http://pubs.acs.org/journal/aesccq
http://dx.doi.org/10.1021/acsearthspacechem.7b00059
https://pubs.acs.org/page/policy/authorchoice/index.html
https://pubs.acs.org/page/policy/authorchoice_termsofuse.html

Article

ACS Earth and Space Chemistry

[erouad ur uonisoduwosap
op1—serSUq £q

|, uoneiper te[os £q Buneay

5 OUN 4q
n:mxﬂu uo spnpoid Jo uonuajax

pue sjouayd pue SpIe OUIWE JO UOIIEAI
ze1—oe1 PPONO?

stuedio pue serourw ojuo NO( jo uondiospe

o urudrp
6TI'8Tl ot

uonedIwn! ue suruue} YIm sujord jo uoneydoaid
nesgrumy P T e I J 1yejidr

,SAep uo
sor OUN 4q
ﬂmamwzm m surdjord jo uoneziawijod

STIP1

(uoneoyruowwE) UOHEZITEIAUILI

81
n:\imwb:u uo 10 duo[e :sjouayd
ym sapndad pue spoe ourwe jo uonoeal

(4t ~|2:NO:2 %@
Nnmvnzomﬁou Auoqres

[e1oua3 Ul SISAIUAS UM (SPIOE ourure 3UIpNOUT) SIUMWE JO UORIEaI

[erouad ur uonisoduwodap skep uo

sor

xowrureue Tondear mﬂ—OQOuCO&m

86'L6

XOWWEd] ‘UOHEIYIHIU 6 OLL Q%4 U0 OpIX0 UN—3 PIxIw uo

XOWIUIEd) ‘UonedyLyIu 3?5:0 +‘O'H

XOuwIuredj ‘UuonedyLIu
UOTEPIXO BIUOUIUIE
UONEPIXO eruowrure

[uononpax

(111)°4 us1mMOUO0d] XOWWEy NmNOcz £q

o6 1OS U To3jew JrueSio Sunsixe yim uoneal
s1edns yim uonoeax
o M uom;
¢, Suruue) pue urudy
wo1y paauap 10 ur Juasaxd asoyy Surpnpur
‘ssuoumb pue spunoduwros srouayd yym uondeax
spunodwod drjewore
PLTL :

[e1ouad ur ssayyuks PUE $30£>012)31 BUTUTEJUOD-N] JO UOHRULIO)

pHedragunod eaidojorq SUOTIOBAIT [EDIWAYDOULIY}

Ccﬂm—u_uw ourure jo 0mﬁ0~0u

THT PUe THT ‘9€T ‘SET
uonisodwodap urajord
9€T pue ‘SET ‘001
E_AmN_NO_.H uo

el pue €€l

4
¢z1 OLL Uo

LET

19)eW druedio Jo uonemod0p [edTwaydojoyd
4
rvereet OLL uo

TTI—61T PUe ‘00T ‘€T

Lerott

o SOUTWIE (1M sauoumnb jo uoneurureojoyd

. uone3a133e ursjord
Lot'oor - :

4o UESONYP JO uonezipwAjodop

S_NOEZ £q uoneyuswery urajord
SPIJ® OUTWE JO ISEI[AI
DDMONQ uo
o6—1s'sgOUZ PUB COLL “Q%4 Tos
98
s TARPOqU WOy parersua uadhxo 3ardurs £q
xkaxNO_rH uo

(ySPIE OTIINY PUE SIATJEALISP
Tiéydozoyd “3-3) s1eznisuasojoyd 1o Aqrssod pue s TAEPOqU WOy pajerauaf uadhxo adurs £q
ss—05 OIS PUE “O7V ‘OUZ “OLL “OUl 4q
T
sy OLL U0
mx:},NOE. uo

4
€818 OLL uo

701—001

oL uo
1 OLL

o,/ SPPE J1Ax0qIeaAx01pAY WOy paonpoid spoe ourure
5oS?UE Jo uoneurureojoyd
mcmoﬂ&ueouo& Sururejuod-N jo uoneurroy

LoSPPe Ayyey Jo wonerpern jo syonpoid 0y EN jo uonippe

00 TOIEWL suedio
ur yuasaxd 10 %:on.«wﬁw%oﬁ&m urud woiy paarap asoyy Jurpnpur A[qrssod cosououmb jo uoneurureojoyd
No:o_umEsmcououonm syads-uou

Suondeal [edrwaydo3oyd

apAD waSoniN [eameN s yireg ay3 ur edonred AejA jey], suondedy dNoIqy ‘I d[qel

NOQ < NOd

JHN/HN < NOd
_*ON « NOd
_"ON <« NOd

N < NOd

NOd < NOa

JHN < Nod

NOQ xo[dwod «— NOQ 2[durs

NOQ 3[duns «— NOQ x3dwod
O'N « _‘ON + ,'HN

N < _ON + ,'"HN

_‘ON « .'HN

_‘ON « *HN

_'ON « ,"HN/*HN
_'ON « *HN

*ON < HN

O'N < ‘HN

IN < ‘HN

NOd Pue NOA « ,"HN/*HN

,,UOIEuIIOjsuen)

DOI: 10.1021/acsearthspacechem.7b00059

ACS Earth Space Chem. 2017, 1, 411-421

412


http://dx.doi.org/10.1021/acsearthspacechem.7b00059

Article

ACS Earth and Space Chemistry

uaBhxo paajossip £q

961
|4

a1 ONH 30 uoneuoniodoxdsip

(uoneprxo Aryru) uoyEdYLIIU LT

o 1oNEW oruedio m uonoear

sor101(P®) (D24 4q

ONH Jo uoneuoniododsip

S

+61T81°86

(ON ©3) uononpai U w1
6 %EE&«E

ﬂwmumuﬁw isfesauru ur (1)° £q

waoE;f?mv ()ad 4q

o SOUILIE JIM UOMOeaX

ue _ ‘9JuapIs
PUE 5, 2WH2PIS o

k4
oo ToypeWr o1uRSI0
BI'E8ITBIBT
pue Eoco&&_o% 1930 ‘urudi] yIm uordear
s ONH J0 uonisodurodap
uonEdYLHIUSP w1
101(B®) ()24 4q

193RI
81—T81'8T
UMQNMkO pue sjouay AOQ YIm uornoeax

uonEIyIIUp (A1
|, Sppe druny

pue ‘sjousyd4jod 130 ‘UruST ym uondeax

1opeW SUeSIO UM UONORII

WENAEOvmm Lor S va3

1o1(P®) ()24

uonedyruowwre L1oyendsar W
401 OLL

pue Q%4 “QYv 4q , ‘sep pue  ros
SNo3Ted[ed ‘ouoysawur] stour £q uondios

081°95'678T

£L1'09
2. MvEM Ut TON jo uoneuoniodoxdsp
o PHuonuou (1m)°4 «S\NO_H pue €0y uo
L91 pue 991

4o OLL Pue “Q%d *O7v uo

s 4q

4 pues uo

20100 09 240qe 00D uo

E_Awmv (11)nD 2ndresed snid {(HO)2d

0eDo 0L 2a0qe TI0s £q
0o 0S 240qe TOLL £q

uonedyInIusp

uonEIYLHIUP

Sury8y 4q

ST'O1

UONEXY SNOIqUIASE pUe S[OIqUIAS
ep 1o (WOTEIGIIIUSP 014d) 3uruingq

|, uoneiper te[os £q Buneay

pHedragunod eaidojorq SUOTIOBAIT [EDIWAYDOULIY}

ser1s1950YZ PUE O1L “O%4q uo
€61 PUe 6L1

€61 pue ‘76T ‘c€T

oL uo
g1 OLL

o1 uo
g1 OLL

on_meuoﬁ pue saprue 0} UOISISAUO0D

[4 f
o, OLL £q paoueyuo ‘uonenmuojoyd

5,1SUZ U0 ‘S[elpw 13yj0 10 (11r)24g Burureyuod 2QOL1, uo

oL uo
1zrss OLL

TOLL uo
691891 OLL

S91
‘
0017201 TOIEW sruedio jo uonerpewtt uodn pajersuad Jasy . (be) _a 4q
,,pues uo
gc1—co SOM03Z N pue ‘ouz “0%Jg “QoLJ, uo
[ros uo

0t

perestggorer OLL PUE QUZ U0

2e,0%d—0uZ | 9pmo (TII)34 uo

051 OLL uo

o PuEs uo

gy PIO® Ty wﬁm Lour1%g
,51SPD pue

@ (HO)2d 49 OvZ ,, *Ofd—*0%d (,,'HOO? ,, 4, SPPO IN PUe ‘O ‘0D ‘2 Surureiuod “OL1, . Q% pue QLL uo

Suondeal [edrwaydo3oyd

_‘ON « _ON

*ON < _‘ON

ON « _ON

‘N < _'ON

NOd Pue NOQ < _“ON

JHN/HN < _"ON

_‘ON pue _*ON < “ON
ON «+ “ON

NOd Pue NOd < “ON
ON < “ON

O™N Pue ‘HN < ON

N < O'N

ON « N
_'ON <« N
“ON < N

‘HN < °N
*ON pPue ‘O'N “N «+ NOd
*ON < NOd

,,UonEuIIOjsuen

penunuod °T d[qe],

DOI: 10.1021/acsearthspacechem.7b00059

ACS Earth Space Chem. 2017, 1, 411-421

413


http://dx.doi.org/10.1021/acsearthspacechem.7b00059

ACS Earth and Space Chemistry

uonONpaI AjenIu
uonEdYIHIUSP

UOLEIYLHIUSP

UOREPIXO (I])3 St Yons ‘suonoear
Isqjo o3 ﬁmH&ﬂOu uonedyInIusp
@Ew —._Oﬁwu@ﬁu_ﬁw@ —duﬁmwmﬁu

wnruowuwre
0] UONINPAT eI AIOJR[TUISSIP
/uonesyruowure K1oyexndsar

pHedragunod eaidojorq

o STEIRUI d3edIIs Surureyuod-(11)2g 4q

::N?mv (Tm)nD ondpeyes snid (11)°g 4q

00z(P®) (I)nD 2néreres snyd (11)2g 4q
g STEIRUIW 33ed1[IS U (1) 4q
SNAWNV (1)nD 2ndeses snid (11)27 4q
«5(P®) (I 4q

00c(P®) (RO
ondreses snyd (I1)3g 10 (1024 £q
sfexourw a3edIps ul (T1)9] 4q
08T pPue 67

61°p208 sngd

B . 661 .

(m)2d pue _ ‘02d ,, “(HO)?d .37 w2218 £q
oozieer (PB) (INND onderes snid (11)2 4q
¢SPIXO U £q

SUOTIOBAIT [EDIWAYDOULIY}

S0T

‘uonjeunrojsuer} dwes 3y ysiyduwosse Aoaip ey sassaoxd [esrdoforq
msomoﬁﬁww "syu3ORaAI st pawnsuod A[eord4y sxe {(7)a4 se yons ‘spunodurod paA[oSSIp S[IYM ‘SUORIEAT [EIWSYDOWIAY} pue [edrwaypojoyd y3oq ur sysk[esed se 3oe A[[erouss (sapmo feyowr “3-3) spunodurod
PY[OS '$S3] 10 O, 0F Inoqe “a7 ‘sarnjeraduway yusrqure [edrd£} e MO0 SUORIESI ([edNIY2030Yd-U0T) [eIIYIOWIIY} P Y} ‘PaYedtpur a19ym 3dodXH, 90ejIns s Y3req S} SIYOLIT Jer} UOHLIPET Te[os “3'T
‘wiu 067 APrewrxordde ueyy 1932213 sypSuspeaem je jerado suonoear feorwaypojoyd pajp ay jo v, ‘sajedpnred sapads auo Auo usym Ajpyeredas pajsy Inq uondear uaald e o3epun Yioq uaym (,*ON,
se) 19739303 pa3sI] dIe SPIXOIP USFOIIU pUE SPIXO JITU ‘AJTe[rurtg *(s3onpoid o syueoes1 snosnbe snsioa aseyd sed “3-9) wonounSIp [Nyasn e ST 919U} UIYM 10 WORdEaI uaald e ur sajedonred wioy auo L[uo
uaym £[areredas pajear) aIe Jnq JUSWUOIAUS UOTIDBAI dwres 3y Ur Jussaid aq Aewr wiroy 1YId usym 19739303 pajsy| aTe WNUOWWE pue eruowury ‘N druedio syemonred ‘NOJ ‘N druedio paajossip ‘NOJ,,

SOI[09Z
60T—90T il

o, (SUZ UO (. ‘S[ERW 13710 10 (11r)24g Burureuod ZQO11, U0 Lot

Suondeal [edrwaydo3oyd

S1T

14Y4

ser(IDRD Sururejuod QLY uo
e1zig Ao duedo £q
0gSM032 o

T1C pue ‘01T ‘6L1 4T
ﬁﬁmm uo
80T

pue ‘Ouz “QYv “OLL OIS “0%d uo

Jozioo OLL PUE ZOIS €07y £0Tg uo

wZCCsU Surureyuod tQry, uo

UOIJRIIIUOJO
+0T'€0T'8LI Hetuoy ﬂm

‘“rouop uoxdspd dwedio ue snid Q1] uo

“ON « 33erjoy yuerd
ON « a8erjoy juerd

_‘ON < _‘ON
*ON < _‘ON

ON < _‘ON

N < _*ON
NOd Put NOd < _‘ON

J'HN/HN < _*ON

,,UonEuIIOjsuen

penunuod °T d[qe],

DOI: 10.1021/acsearthspacechem.7b00059

414

ACS Earth Space Chem. 2017, 1, 411-421


http://dx.doi.org/10.1021/acsearthspacechem.7b00059

ACS Earth and Space Chemistry

fixation may be more than negligible, a conclusion upheld by
other studies with materials known to occur naturally."
Biological fixation, the traditional natural entry point of
uncombined nitrogen (N,) into terrestrial and aquatic N
cycling, may not be the only natural entry point, and
investigation of abiotic fixation may help resolve some pending
“remarkably large uncertainties” on land”' or provide insight
into “elusive marine nitrogen fixation”.”” In the (at least) 7
decades since the light-driven chemical fixation of N, was first
hypothesized, only three studies have been published in which
this process was directly investigated with materials taken from
the environment (ie., soil and sand),"’ so there is certainly
room to prospect.

In contrast to reactions like the abiotic fixation of dinitrogen,
the one abiotic N transformation that has been vigorously
studied in an environmental context is the photochemical
generation of ammonium from dissolved and particulate
(sediment) organic N. Numerous studies have described this
process in water bodies, a process that generates from 0.001 to
1 uM NH,* h™" and can sometimes supply more than half of an
ecosystem’s bioavailable N.** While photoammonification is an
established part of aquatic N cycling, it is not yet seriously
considered among soil scientists as part of their N cycle, which
still gives microorganisms exclusive command of the arrow
from soil organic N to ammonium. A related arrow is treated
similarly: from the time nitrifying bacteria were discovered, “it
has been tacitly assumed that nitrification in soil is entirely a
biological process”.”* Given that production of plant-available
N is central to terrestrial N cycling inasmuch as it drives
primary productivity and other ecosystem processes,” **°~*
another look at N mineralization with abiotic reactions in mind
might contribute to this “exciting time to study the soil N
cycle”."" Photochemical mineralization at the soil surface may
be particularly significant in dry and/or cold environments,
where biological mineralization, normally active throughout a
soil profile, is hindered by unfavorable conditions. Non-
photochemical abiotic mineralization is, of course, not limited
to the soil surface.

Abiotic and biotic N transformations in the environment
generally do not depend upon each other, but they are
nonetheless connected through coupled biotic—abiotic pro-
cesses: hydroxylamine and nitrite, for example, are produced by
microorganisms but can undergo subsequent abiotic reac-
tions.”* " Abiotic and biotic reactions also share some
similarities, most conspicuously in that both have periodically
challenged long-standing presumptions in the N cycle. When
they were first reported, several microbial N transformations,
including feammox,”" respiratory nitrite ammonification,”” and
aerobic or nitrifier denitrification,””** were shown to bypass the
pathways previously thought to convert one form into another.
Many abiotic reactions do the same thing, such as the direct
photochemical conversion of organic nitrogen into nitrite and
nitrite into organic nitrogen. Another similarity is found in the
connection between elemental cycles: just as there is a
biological link between the movement of carbon and N, abiotic
N transformations imply simultaneous transformations of
carbon whenever organic compounds are involved, as is the
case for the incorporation of inorganic N into organic matter
and for photochemical dissolution and mineralization.

Despite some similarities, abiotic processes also differ from
biotic processes in important ways. Because they operate via
different mechanisms, general features of biological processes
are not always applicable to their chemical counterparts and

415

vice versa. Biotic and abiotic reactions may consequently drive
distinct facets of the same arrow. For example, organic N
compounds that are difficult for microorganisms to decompose
into ammonium are often quite easily decomposed by
sunlight;”**** both pathways of decomposition constitute N
mineralization. Another noteworthy distinction concerns the
environmental scope of abiotic and biotic reactions. Although
the domain of microorganisms is extensive and diverse, their
activity is ultimately limited to a defined spectrum of favorable
conditions. Abiotic N transformations are not constrained to
the same spectrum, occurring under hot, cold, acid, alkaline,
salty, dry, and other conditions where even the most robust
microorganisms are dormant at best. Abiotic processes
themselves are not without limitations — an obvious example
is that photochemical reactions do not occur at night — but
their broader potential distribution invites broader (and more
interdisciplinary) inquiry concerning their participation in N
cycling on a global scale or in some of the Earth’s more
anomalous environments.

Regardless of the scale or the environment, advances in
constructing the N cycle have been most often prompted by
advances in microbiology, as novel metabolism is discovered,
new explanations are proposed, or fresh calculations of
biological processes are presented. The ways in which N
moves through most environments indeed constitute a
biogeochemical cycle, but biological processes may nonetheless
operate in various degrees of “intricate interplay”®’ with an
autonomous, strictly geochemical cycle. In general, any aspect
of the N cycle for which there is a discrepancy between
biological activity and actual observations”®~*' logically
suggests the existence of reactions not mediated by biological
activity. Allowing for the participation of abiotic reactions has
facilitated the solution of puzzles such as that of litter
decomposition in deserts, where “the classical ecological
paradigm... has limited our imagination for exploring other
controls on the cycling of carbon and nutrients”.** Exploring
beyond our limited imagination, then, would certainly sharpen
discussions of N cycling, from debates about its regional
singularities to surveys of its global trends. More imagination
may even expedite more “surprising findings on unanticipated
pathways and mechanisms”,'" including, for example, the
(re)discovery of abiotic sinks for nitrous oxide (N,O), which
is tenaciously believed to disappear from the Earth’s surface
only if microbes are available.'”""** One such abiotic sink, the
photochemical destruction of N,O on mineral surfaces, was
demonstrated™ and circumstantially validated* in the 1970s
but has received only a few passing glances since then.**™*’
This is understandable given that almost no data are available to
ponder. Using one measurement of 0.04 X 10~° molecules of
N,O decomposed on sand per incident photon,* and a
cumulative solar photon flux (290—700 nm) of 1.2 X 10'7 cm™
s71,%" this process may be grossly estimated to remove several
kilograms of N,O—N ha™! year™" over dry particulate mineral
surfaces (i.e., deserts). Using another measurement from the
same primary data set, it was proposed that up to 45 Tg of
N,O-N year™! worldwide could be removed.”’ Current
understanding of N,O consumption on land (attributed to
biological activity) has been discussed in surveys of studies that
indicate removal of up to 40 kg of N ha™" year™",** up to about
1 kg of N ha™ year™,>” or up to 17 (median 0.4) kg of N ha™
year™'.** Identification and quantification of N,O sinks at the
Earth’s surface is an important part of improving the global
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N,O budget,43’47’48’52_55 and such efforts might benefit from
another glance at abiotic phenomena.

In the meantime, meager reservoirs of data permit at best
only cursory assessments of the environmental significance of
this and other abiotic processes such as immobilization of
inorganic N;**°7°% studies of biological processes are
hundreds of times more abundant than studies of their abiotic
counterparts. A recent statement about N trace gases (NTGs)>”
can be extended to practically all of the arrows in the N cycle:
“There is general knowledge about the abiotic formation of
NTGs, but little is known about the magnitude of these
chemical processes in the global N cycle... These abiotic and
coupled biotic—abiotic processes are neglected in most studies,
although they can occur over a wide range of soil properties at
relatively large rates”. Almost 200 years before this, Thomas
Graham wrote a critical review of abiotic “nitrification”,”" by
which nitrate was known to accumulate spontaneously on
calcareous minerals exposed to air, a phenomenon that had
intrigued other chemists, including Lavoisier.’ This was in
contrast to the prevailing theory, which maintained that nitrate
is formed during the (biotic) decomposition of organic matter,
and Graham’s candid finger still points in the right direction:
“There is reason to doubt... the prevailing theory”.
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