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Abstract. Long-term secular variation in the isotopic compo- 1 Introduction
sition of seawater fixed nitrogen (N) is poorly known. Here,
we document variation in the N-isotopic composition of ma-

fine sedimentss5Nsed since 660 Ma (million years ago) Nitrogen (N) plays a key role in marine productivity and or-

in order to understand major changes in the marine N cycleganic carbon fques and is thus a potentially major influence
through time and their relationship to first-order climate vari- °1 the global climate system (Gruber and Galloway, 2008).

ation. During the Phanerozoic, greenhouse climate modeél"’Iriation in marine sediment N-isotopic compositions .dur'
were characterized by 1063 Nged (~ —2 0 +2 %) and ing the Quaternary (2.6 Ma to the present) has been linked

icehouse climate modes by high Ngeq (~ +4 t0 +8 %o). ]EO changes |ndor_gan:§| carbon burllal_aln(_j ocelanl_clden||tr|-
Shifts toward highers'5Neey occurred rapidly during the fication rates during Pleistocene glacial-interglacial cycles

early stages of icehouse modes, prior to the development o(fTra;ggg |e_|t al., 199|2; fgl)?ge:\let a}l., 19|95;1é;a8r-1eBs hrar?( et
major continental glaciation, suggesting a potentially impor—a d ¥ d aug (132938.', S hh, faqVII e;;o.i' Li ' lroez%oer
tant role for the marine N cycle in long-term climate change.an enderson, ; Suthhot et al.,  Liuetal, 5

Reservoir box modeling of the marine N cycle demonstrateszOOS)' At this tlmesc_ale (i.exy 10° _y_r), th_e marine N cycle
that secular variation i115Nseq was likely due to changes Is thought to act mainly asa positive climate feedback, but

in the dominant locus of denitrification, witha shift in fa- negative feedbacks involving the influence of both N fixa-
vor of sedimentary denitrification during greenhouse modesgon and denitrification on oceanic fixed-N inventories have
owing to higher eustatic (global sea-level) elevations and een proposlesd as wel! (peutsch et al., 2004). Although'pre—
greater on-shelf burial of organic matter, and a shift in fa- Q_uaterlréary(S Nseq variation has been_reported, '”C'“d'r_‘g
vor of water-column denitrification during icehouse modes h;{ghly ’\:'digg“?i (—A:(to 0 %) I‘J u;%sosi(.:T]CrgtaceOL:js : n;;cs
owing to lower eustatic elevations, enhanced organic car—( au et al, , Jenkyns et al., ; Junium and Arthur,

. 15 . -
bon sinking fluxes, and expanded oceanic oxygen—minimun12007) and highly~N-enriched {6 to +14 %) Carbonif-

zones. The results of this study provide new insights into op_eroqs unlt.s (Alggo et. aI.., 2008).’ the Phaner_ozmc record of
eration of the marine N cycle, its relationship to the global marine N-isotopic variation and its relationship to long-term

carbon cycle, and its potential role in modulating climate (|.e._, mult_|m|II|o_n-year) climate change have not been sys-
change at multimillion-year timescales. temically investigated to date (Algeo and Meyers, 2009). Ad-

ditional study of the marine N cycle is needed to better under-
stand its relationship to organic carbon burial and long-term
climate change and to more accurately parameterize N fluxes
in general circulation models. In this study, we document
variation in8°Ngeqfrom 660 Ma to the present, demonstrat-
ing a strong relationship to first-order climate cycles, with
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Fig. 1. Long-term secular variation in marine sediméhtN, based on 153 study units of Neoproterozoic and Phanerozoic age. This data set
yields a meard1oNgeqof +2.0- 0.3 %0 (meant1 standard error of the mean; dashed line). For each unit, the distributid®Nfvalues

is represented by the median (open circle) and the 16th-to-84th percentile range (vertical line) (see Table 1). The mean long-term trend
is given by a LOWESS curve (red line) and uncertainty envelopdd; green field). The LOWESS curve, which varies over 40 %o

range, accounts for 74 % of total variance in 84@Nseqdata set. At top, epochs of moderate (light blue) and heavy (dark blue) continental
glaciation are from Montafiez et al. (2011); the ages of all marine sedimentary units and climate events have been adjusted to the timescale
of Gradstein et al. (2012). F transitional interval.

lower §15N during greenhouse intervals and high&N dur- 3 Results

ing icehouse intervals. This pattern suggests that Iong-termO 515N 1d hibi lus/mi dard
variation in the marine N cycle is controlled by first-order ur seddata set exhibits a mean plus/minus one standar

tectonic cycles, and that it is linked to (is a possibly a driver deviation of+2.0+ 135'1 %o witha range of—5.? t°+10'4%°
of) long-term climate change. (Table 1;n = _153).8 Nseqvalues are mostly mter.medlate (0]
to +3 %o) during the late Cryogenian to early Ediacaran, low
(—5 to 0%o) during the late Ediacaran to mid-Ordovician,
2  Methods intermediate during the Late Ordovician to Early Mississip-
pian, high &3 to +10 %.) during the Late Mississippian to
This study is based on the N-isotope distributions of 153 ma-Pennsylvanian, intermediate during the Triassic to Early Cre-
rine units ranging in age from the Neoproterozoic (660 Ma) taceous, low during the mid-Cretaceous, and intermediate
to the early Quaternary§(2 Ma) (Fig. 1). Among these units to high during the Late Cretaceous to Recent (Fig. 1). The
are 35 that were analyzed specifically for this study (see isomodeled LOWESS curve for the Phanerozoic exhibits a min-
topic methods, Appendix A), 33 that were taken from our imum of —2.8 %0 in the Cambrian and a maximum-+8.0 %o
own earlier research publications, and 85 that were takernn the Mississippian. The uncertainty attached to this mean
from other published reports. For each study unit, we detertrend varies from+0.9 to 2.9 %o through the Phanerozoic
mined the median (50th percentile), standard deviation rangéut is mostly < +£2 %o (based on plus/minus one standard
(16th and 84th percentiles), and full range (minimum anddeviation). The most abrupt changessitPNseq are associ-
maximum values) of it§1°N distribution (Table 1). We also ated witha~ 6 %o rise during the mid-Mississippian and a
report organié3C distributions as well as means for %TOC ~5%o. rise during the Late Cretaceous. The Phanerozoic
(total organic carbon), %N, and molapdg: N ratios, where §19Nseq curve shows a strong relationship to first-order cli-
available (Table 1). The ages of all units were adjusted to thenate cycles, with low values during the greenhouse climate
2012 geologic timescale (Gradstein et al., 2012). ALOWESSmodes of the mid-Paleozoic and mid-Mesozoic and high val-
(LOcally WEighted Scatterplot Smoothing) curve was calcu- ues during the icehouse climate modes of the Late Paleozoic
lated for the entire data set per the methods of Appendix B. and Cenozoic (Fig. 1).

Biogeosciences, 11, 1278295 2014 www.biogeosciences.net/11/1273/2014/
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Table 1. N-isotope and correlative data for 153 marine units from 660 Ma to Recent.
Age
Record Source Location Formation Setting Period Series Start End Mid Sample
(Ma) (Ma) (Ma) n
1 Meyers (unpubl.) Callifornia margin (ODP 1014) unnamed upwelling Ng Pleistocene 1.93 2.26 2.10 84
2 Robinson and Meyers (2002) Namibian Shelf (ODP 1082nnamed upwelling Ng Pleistocene 1.95 245 2.20 195
1084)
3 Macko and Pereira (1990) Antarctic margin (ODP 693) unnamed oceanic Ng Pleistocene 2.60 1.80 2.20 60
4 Muzuka et al. (1991) Oman margin unnamed upwelling Ng Pleistocene 3.00 1.80 2.40 254
5 Arnaboldi and Meyers (2006) Mediterranean (974C) unnamed oceanic-med  Ng Pleistocene 3.00 2.00 2.50 97
6 Arnaboldi and Meyers (2006) Mediterranean (969D) unnamed oceanic-med  Ng Pleistocene 3.00 2.00 2.50 93
7 Arnaboldi and Meyers (2006) Mediterranean (967B) unnamed oceanic-med  Ng Pleistocene 3.00 2.00 2.50 50
8 Li and Bebout (2006) Costa Rica margin (ODP 170) unnamed oceanic Ng Plio-Pleistocene 5.30 0.00 2.65 52
9 Pedersen (unpubl.) Mediterranean (969B) unnamed oceanic-med  Ng Pliocene 3.06 3.05 3.06 24
10 Liu et al. (2008) E Trop Pacific (ODP 1012) unnamed upwelling Ng Pliocene 4.10 2.10 3.10 721
11 Struck et al. (2001) Mediterranean unnamed oceanic-med  Ng Pliocene 5.00 2.00 3.50 49
12 Li and Bebout (2006) Costa Rica margin (ODP 205) unnamed oceanic Ng Pliocene 5.30 1.80 3.55 13
13 Macko and Pereira (1990) Antarctic margin (ODP 694) unnamed oceanic Ng Pliocene 5.30 1.80 3.55 82
14 Macko and Pereira (1990) Antarctic margin (ODP 690) unnamed oceanic Ng Pliocene 5.30 1.80 3.55 40
15 Macko and Pereira (1990) Antarctic margin (ODP 693) unnamed oceanic Ng IPliocene 5.30 2.60 3.95 53
16 Sadofsky and Bebout (2004) western Pacific (ODP 1149) unnamed oceanic Ng uMio-Pliocene 6.50 2.00 4.25 11
17 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Ng Pliocene 5.30 4.00 4.65 29
18 Macko and Pereira (1990) Antarctic margin (ODP 693) unnamed oceanic Ng uMiocene 11.61 5.30 8.46 49
19 Macko and Pereira (1990) Antarctic margin (ODP 694) unnamed oceanic Ng uMiocene 11.61 5.30 8.46 71
20 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Ng uMiocene 11.61 7.20 9.41 22
21 Macko and Pereira (1990) Antarctic margin (ODP 690) unnamed oceanic Ng uMiocene 11.61 9.01 10.31 15
22 Calvert (2000) California Monterey upwelling Ng Miocene 13.51 9.51 11.51 23
23 Hudson et al. (2008); Rowe (unpubl.)  Azerbaijan post-Maikop oceanic-med  Ng mMiocene 14.82 12.51 13.67 17
24 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Ng mMiocene 16.02 11.61 13.82 19
25 Macko and Pereira (1990) Antarctic margin (ODP 694) unnamed oceanic Ng mMiocene 16.02 11.61 13.82 86
26 Macko and Pereira (1990) Antarctic margin (ODP 690) unnamed oceanic Ng mMiocene 16.02 11.61 13.82 13
27 Macko and Pereira (1990) Antarctic margin (ODP 693) unnamed oceanic Ng mMiocene 18.02 13.61 15.82 25
28 Macko and Pereira (1990) Antarctic margin (ODP 690) unnamed oceanic Ng IMiocene 18.42 16.52 17.47 4
29 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Ng IMiocene 19.42 16.02 17.72 9
30 Hudson et al. (2008); Rowe (unpubl.)  Azerbaijan Maikop Series oceanic-med Ng IMiocene 23.03 14.82 18.93 22
31 Macko and Pereira (1990) Antarctic margin (ODP 693) unnamed oceanic Ng IMiocene 23.03 18.02 20.53 10
32 Hudson et al. (2008); Rowe (unpubl.)  Azerbaijan Maikop Series oceanic-med Pg uOligocene 28.37 23.03 25.70 62
33 Macko and Pereira (1990) Antarctic margin (ODP 693) unnamed oceanic Pg uOligocene 28.47 23.03 25.75 11
34 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Pg uOligocene 28.37 24.22 26.30 12
35 Macko and Pereira (1990) Antarctic margin (ODP 690) unnamed oceanic Pg uOligocene 28.17 25.01 26.59 11
36 Macko and Pereira (1990) Antarctic margin (ODP 693) unnamed oceanic Pg I0ligocene 31.92 29.95 30.94 24
37 Hudson et al. (2008); Rowe (unpubl.)  Azerbaijan Maikop Series oceanic-med Pg I0ligocene 33.90 28.37 31.14 53
38 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Pg I0ligocene 33.90 28.37 31.14 11
39 Schulz et al. (2002) Austria Schoeneck epeiric Pg Oligocene 34.41 31.43 32.92 50
40 Hudson et al. (2008); Rowe (unpubl.)  Azerbaijan Koun Fm oceanic-med Pg uEocene 37.14 33.90 35.52 75
41 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Pg uEocene 37.14 33.90 35.52 16
42 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Pg mEocene2 40.39 37.14 38.77 8
43 Hudson et al. (2008); Rowe (unpubl.)  Azerbaijan Koun Fm oceanic-med Pg mEocene 48.70 37.14 42.92 52
44 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Pg mEocenel 48.70 40.39 44.55 16
45 Sadofsky and Bebout (2003) California Franciscan oceanic Pg Eocene 56.21 33.90 45.06 7
46 Meyers (unpubl.) Arctic Ocean (ACES) unnamed oceanic-med Pg Eocene 47.08 45.05 46.07 11
47 Sadofsky and Bebout (2004) western Pacific (ODP 1149) unnamed oceanic Pg Paleoc-Eocene 66.00 33.90 49.95 3
48 Hudson et al. (2008); Rowe (unpubl.)  Azerbaijan Koun Fm oceanic-med  Pg |Eocene 56.00 48.70 52.35 41
49 Macko and Pereira (1990) Antarctic margin (ODP 689) unnamed oceanic Pg IEocene 54.18 52.76 53.47 6
50 Hudson et al. (2008) and Rowe (un-Azerbaijan Koun Fm oceanic-med  Pg Paleocene 66.00 56.00 61.00 30
publ.)

51 Meyers et al. (2009) Demerara (ODP 1257-61) unnamed oceanic Pg Paleocene 66.00 63.42 64.71 2
52 Martinez-Ruiz et al. (1994) Spain Agost section shelf KIT Maas-Paleocene 66.50 65.50 66.00 12
53 Meyers et al. (2009) Demerara (ODP 1257-61) unnamed oceanic Cret Camp-Maas 83.60 66.00 74.80 9
54 Sadofsky and Bebout (2004) western Pacific (ODP 1149) unnamed oceanic Cret Campanian 83.60 72.10 77.85 3
55 Meyers et al. (2009) Demerara (ODP 1257-61) unnamed oceanic-med  Cret Santonian 86.30 83.60 84.95 4
56 Junium and Arthur (2007) Atlantic (ODP 1261) unnamed oceanic-med  Cret Coniac-Santon 90.00 85.95 87.98 23
57 Meyers et al. (2009) Demerara (ODP 1257-61) unnamed oceanic-med  Cret Coniacian 89.80 86.30 88.05 5
58 Meyers et al. (2009) ODP 1138 Kerguelen unnamed oceanic Cret uTuron-Santon 91.95 84.19 88.07 27
59 Arnaboldi and Meyers (2006) Newfoundland (ODP 1276) unnamed oceanic-med  Cret Turonian 93.41 89.80 91.61 5
60 Meyers et al. (2009) Demerara (ODP 1257-61) unnamed oceanic-med  Cret Turonian 93.90 89.80 91.85 16
61 Jenkyns et al. (2007) Morocco unnamed upwelling Cret Turonian 93.90 91.46 92.68 46
62 Junium and Arthur (2007) Atlantic (ODP 1261) unnamed oceanic-med  Cret Cenom-Turon 96.06 90.00 93.03 44
63 Arnaboldi and Meyers (2006) Newfoundland (ODP 1276) unnamed oceanic-med  Cret Cenom-Turon 94.44 93.41 93.93 6
64 Jenkyns et al. (2007) England unnamed epeiric Cret Cenom-Turon 94.44 93.90 94.17 13
65 Jenkyns et al. (2007) Italy-Furlo Scaglia Bianca oceanic-med  Cret Cenom-Turon 94.44 93.90 94.17 28
66 Jenkyns et al. (2007) Italy-Gubbio Scaglia Bianca oceanic-med  Cret Cenom-Turon 94.44 93.90 94.17 49
67 Kuypers et al. (2004) Atlantic (DSDP 367) unnamed oceanic-med  Cret Cenomanian 94.44 93.90 94.17 17
68 Ohkouchi et al. (2006) Italy Livello Bonarelli oceanic-med  Cret Cenom-Turon 94.44 93.90 94.17 23
69 Junium and Arthur (2007) Atlantic (ODP 1260) unnamed oceanic-med  Cret Cenom-Turon 96.06 92.92 94.49 56
70 Ohkouchi et al. (2006) Italy Scaglia Bianca oceanic-med  Cret Cenom 94.98 94.44 94.71 21
71 Jenkyns et al. (2007) Morocco unnamed upwelling Cret Cenom 96.60 93.90 95.25 74
72 Meyers et al. (2009) ODP 1138 Kerguelen unnamed oceanic Cret Cenom-ITuron 99.85 91.95 95.90 16
73 Arnaboldi and Meyers (2006) Newfoundland (ODP 1276) unnamed oceanic-med  Cret Cenomanian 99.85 94.44 97.15 4
74 Meyers et al. (2009) Demerara (ODP 1257-61) unnamed oceanic-med  Cret Cenomanian 100.50 93.90 97.20 46
75 Rau et al. (1987) South Atlantic (DSDP 530) unnamed oceanic-med  Cret Aptian-Santon 111.99 85.36 98.68 12
76 Arnaboldi and Meyers (2006) Newfoundland (ODP 1276) unnamed oceanic-med  Cret Albian-Cenom 101.91 99.85 100.88 5
77 Rigby and Batts (1986) Australia Toolebuc epeiric Cret Albian 106.95 103.93 105.44 5
78 Meyers et al. (2009) Demerara (ODP 1257-61) unnamed oceanic-med  Cret Albian 113.00 100.50 106.75 9
79 Sadofsky and Bebout (2003) Baja California unnamed oceanic Cret uncertain 107.46 5
80 Arnaboldi and Meyers (2006) Newfoundland (ODP 1276) unnamed oceanic-med  Cret uAptian-Albian 114.02 101.91 107.97 21
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Age
Record Source Location Formation Setting Period Series Start End Mid Sample
(Ma) (Ma) (Ma) n
81 Kuypers et al. (2002) North Atlantic (ODP 1049C) unnamed oceanic-med  Cret Albian 111.99 111.49 111.74 6
82 Kuypers et al. (2004) Atlantic (Cismon) unnamed oceanic-med  Cret Aptian 125.28 124.25 124.77 32
83 Rau et al. (1987) North Atlantic (DSDP 603) unnamed oceanic-med  Cret Valang-Barrem 137.66 128.10 132.88 11
84 Rau et al. (1987) North Atlantic (DSDP 367) unnamed oceanic-med  Cret Valang-Hauter 136.22 131.77 134.00 11
85 Saelen et al. (2000) England Kimmeridge Clay epeiric Jur Kimmeridge 155.50 152.31 153.91 13
86 Jenkyns et al. (2001) Wales-MFB Whitby Mudstone epeiric Jur Toarcian 182.70 176.89 179.80 71
87 Jenkyns et al. (2001) England-WKB Whitby Mudstone epeiric Jur Toarcian 182.70 179.21 180.96 33
88 Saelen et al. (2000) England Whitby Mudstone epeiric Jur Toarcian 182.70 180.38 181.54 15
89 Jenkyns et al. (2001) England-HB Whitby Mudstone epeiric Jur Toarcian 182.70 180.38 181.54 89
90 Jenkyns et al. (2001) Italy unnamed epeiric Jur Toarcian 182.70 180.38 181.54 74
91 Jenkyns et al. (2001) England-WKB Whitby Mudstone epeiric Jur Pliensbachian 185.15 182.70 183.93 10
92 Quan et al. (2008) Germany Lower Jurassic shales epeiric Jur Hettang-Sinemur 199.62 18
94 Paris et al. (2010) England Blue Lias shelf Jur Hettangian 200.91 44
93 Sephton et al. (2002) Canada-Western Fernie epeiric Jur Hettangian 202.12 200.27 201.20 3
95 Paris et al. (2010) England Lilstock epeiric Tri Rhaetian 204.17 20
96 Quan et al. (2008) Germany Keuper shales epeiric Tri Rhaetian 204.17 32
97 Sephton et al. (2002) Canada-Western Pardonet shelf Tri Rhaetian 210.09 202.12 206.11 6
98 Sephton et al. (2002) Canada-Western Pardonet shelf Tri Norian 227.67 210.09 218.88 8
99 Chicarelli et al. (1993) Switzerland Scisti  bituminosi  (Serpiepeiric Tri Anisian-Ladinian 242.20 241.00 241.60 4
ano)
100 Algeo and Rowe (unpubl.) Switzerland Scisti bituminosi (Serpépeiric Tri Anisian-Ladinian 242.20 241.00 241.60 3
ano)
101 Algeo, Krystyn and Rowe (unpubl.) India-Spiti Mikin shelf Tri Olenekian 251.28 248.76 250.02 70
102 Algeo, Krystyn and Rowe (unpubl.) India-Spiti Mikin shelf Tri Induan 252.20 251.28 251.74 43
103 Algeo et al. (2007) India-Kashmir Khunamuh shelf Tri Induan 252.20 251.28 251.74 9
104 Algeo et al. (2012) Canada-Arctic Blind Fiord shelf Tri Induan 252.20 251.28 251.74 44
105 Algeo and Rowe (unpubl.) China-East Yinkeng shelf Tri Induan 252.20 251.74 251.97 30
106 Algeo and Rowe (unpubl.) China-East Dalong shelf Perm Lopingian 252.56 252.20 252.38 12
107 Algeo et al. (2012) Canada-Arctic Van Hauen shelf Perm Lopingian 252.56 252.20 252.38 11
108 Algeo et al. (2007) India-Kashmir Zewan shelf Perm Lopingian 252.91 252.20 252.56 8
109 Algeo, Krystyn and Rowe (unpubl.) India-Spiti Kuling shelf Perm Lopingian 252.91 252.20 252.56 22
110 Algeo and Rowe (unpubl.) Kansas Eudora epeiric Penn Missourian 303.31 302.82 303.07 83
111 Algeo and Rowe (unpubl.) Kansas Wea epeiric Penn Missourian 303.83 303.31 303.57 34
112 Algeo et al. (2008) Kansas Muncie Creek epeiric Penn Missourian 304.46 303.83 304.15 42
113 Algeo et al. (2008) Kansas Stark epeiric Penn Missourian 305.73 305.10 305.42 37
114 Algeo et al. (2008) Kansas Hushpuckney epeiric Penn Missourian 306.37 305.73 306.05 45
115 Rowe (unpubl.) Texas Smithwick shelf Penn Atokan 310.94 307.00 308.97 149
116 Johnson et al. (2009) Alaska Lisburne (shallow facies) shelf Miss unknown 338.09 319.33 328.71 9
117 Rowe (unpubl.) Texas (Blakely-Wise Co) Barnett shelf Miss Visean 337.25 323.08 330.17 128
118 Rowe (unpubl.) Texas (RTC-Pecos Co) Barnett shelf Miss Visean 337.25 323.08 330.17 177
119 Rowe (unpubl.) Texas (Johanson-McCulloch Co)  Barnett shelf Miss Visean 337.25 323.08 330.17 24
120 Rowe (unpubl.) Texas (Lee-Brown Co) Barnett shelf Miss Visean 337.25 323.08 330.17 36
121 Rowe (unpubl.) Texas (Locker-San Saba Co) Barnett shelf Miss Visean 337.25 323.08 330.17 99
122 Johnson et al. (2009) Alaska Lisburne-Kuna Fm shelf Miss Tourn-Visean 350.83 330.53 340.68 17
123 Algeo and Sauer (unpubl.) Ohio-Kentucky Sunbury epeiric Miss Tournaisian 358.72 356.97 357.85 40
124 Caplan and Bustin (1998) Alberta Exshaw epeiric Miss Tournaisian 359.60 357.85 358.73 21
125 Algeo and Sauer (unpubl.) Ohio-Kentucky Ohio Shale epeiric Dev Famennian 362.20 360.46 361.33 20
126 Meyers (unpubl.) Alberta Exshaw epeiric Dev Famennian 362.20 360.46 361.33 28
127 Caplan and Bustin (1998) Alberta Exshaw epeiric Dev Famennian 362.20 360.46 361.33 16
128 Calvert et al. (1996) Indiana New Albany epeiric Dev Famennian 369.16 368.29 368.73 71
129 de la Rue et al. (2007) Indiana New Albany epeiric Dev Famennian 372.20 371.77 371.99 10
130 Levman and von Bitter (2002) Ontario Long Rapids epeiric Dev Frasn-Famen 373.66 370.90 372.28 24
131 de la Rue et al. (2007) Indiana New Albany epeiric Dev Frasnian 372.69 372.20 372.45 20
132 Sageman (unpubl.) New York Geneseo-Rhinestreet epeiric Dev Frasnian 382.41 375.60 379.01 16
133 Sageman (unpubl.) New York upper Hamilton epeiric Dev Givetian 387.90 382.41 385.16 46
134 Sageman (unpubl.) New York Marcellus epeiric Dev Eifelian 390.84 387.90 389.37 58
135 Bauersachs et al. (2009) Poland Bardo/Lwr Graptolitic epeiric Sil Llandov 440.80 433.11 436.96 8
136 LaPorte et al. (2009) Nevada-Monitor Range unnamed epeiric Ord Katian-Hirnant 446.65 443.80 445.23 68
137 LaPorte et al. (2009) Nevada-Vinini Creek unnamed epeiric Ord Katian-Hirnant 447.80 443.80 445.80 116
138 Algeo, Lev and Rowe (unpubl.) Wales Llandeilo-Caradoc Shales  epeiric Ord Sandbian 458.52 455.33 456.93 41
139 Algeo, Lev and Rowe (unpubl.) Wales Caerhys Shale epeiric Ord Daping-Darriwill.  462.23 459.76 461.00 23
140 Algeo, Lev and Rowe (unpubl.) Wales Aber Mawr Shale epeiric Ord Dapingian 465.94 463.47 464.71 28
141 Algeo and Rowe (unpubl.) Germany Lwr Didymograptus Shale  epeiric Ord Floian 473.62 470.23 471.93 1
142 Algeo and Rowe (unpubl.) Utah Wheeler epeiric Cam Delam-Marjum 503.00 502.00 502.50 18
143 Jiang (unpubl.) China Shuijingtuo epeiric Cam Tommotian 522.24 517.83 520.04 9
144 Jiang (unpubl.) China Yanjiahe epeiric Cam Nemakit- 541.00 522.24 531.62 76
Daldynian
145 Jiang (unpubl.) China Dengying (BMT Member)  epeiric Neopr 545.00 541.00 543.00 2
146 Jiang (unpubl.) China Dengying (SBT Member)  epeiric Neopr 548.00 545.00 546.50 24
147 Jiang (unpubl.) China Dengying (HMJ Member)  epeiric Neopr 551.00 548.00 549.50 7
148 Algeo and Rowe (unpubl.) China Doushantuo (Member 4) epeiric Neopr 560.00 551.00 555.50 9
149 Jiang (unpubl.) China Doushantuo (Member 4) epeiric Neopr 560.00 551.00 555.50 39
150 Jiang (unpubl.) China Doushantuo (Member 3) epeiric Neopr 600.00 560.00 580.00 11
151 Jiang (unpubl.) China Doushantuo (Member 2) epeiric Neopr 632.00 600.00 616.00 86
152 Jiang (unpubl.) China Doushantuo (Member 1) epeiric Neopr 635.00 632.00 633.50 7
153 Jiang (unpubl.) China Xiangmeng epeiric Neopr 663.00 654.00 658.50 34
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Table 1.Continued.
Elemental C-Isotopes N-Isotopes
Record TOC N C:N Min Percentiles Max Min Percentiles Max
(%) (%)  (mol) 16th 50th 84th 16th 50th 84th

1 6.06 0.48 14.90 —22.10 —21.70 -21.40 —21.10 -20.20 4.30 4.90 5.70 6.47 6.80
2 5.01 0.36 16.20 —22.94 —21.70 -21.12 —20.35 —19.40 —-0.24 0.79 1.77 2.98 3.80
3 0.12 0.22 0.60 —24.60 —23.40 —-22.90 —22.24 -21.00 1.00 2.94 4.25 5.90 7.30
4 7.90 —23.00 —21.34 —-20.50 —19.90 -18.60 3.40 5.40 6.60 7.90 14.00
5 0.51 0.06 9.70 —26.03 —25.26 —-24.30 —23.02 -22.22 0.07 2.29 4.47 5.19 5.81
6 6.00 0.28 24.60 —25.92 —25.00 -23.83 —23.30 —-21.39 —2.50 —-1.84 0.18 4.64 6.23
7 —23.23 —22.48 —-22.05 —21.49 -20.66 -5.12 —-2.30 0.07 4.04 5.15
8 1.48 0.16 10.80 —26.30 —24.98 —24.00 —23.20 —22.50 3.50 3.82 4.55 5.97 6.60
9 11.16 —-2.72 —2.46 -1.67 3.97 4.93
10 3.48 0.27 15.30 4.00 6.19 6.80 7.38 9.57
11 3.70 —23.90 —23.40 -22.30 —21.15 -19.30 -1.10 0.28 1.30 2.05 4.10
12 1.58 0.18 10.40 —26.60 —25.82 —24.80 —24.26 —21.50 3.60 4.09 4.30 5.61 6.00
13 0.10 0.03 4.00 —24.50 —23.10 -22.50 —22.00 -21.20 2.20 3.10 3.80 4.40 4.90
14 0.11 0.12 1.00 —27.00 —25.00 —24.00 —22.32 —20.60 2.00 3.82 5.00 6.18 7.40
15 0.13 0.12 1.20 —26.00 —23.74 -23.10 —22.20 -21.60 1.00 2.90 3.80 4.50 6.10
16 0.19 0.03 6.40 —24.50 —23.51 -23.10 —22.22 -21.70 4.70 4.92 5.50 5.74 6.30
17 0.06 0.04 2.00 —27.20 —26.41 -25.60 —23.04 -19.70 1.10 1.70 2.40 3.70 5.60
18 0.19 0.05 4.40 —26.70 —25.73 —24.30 —23.07 —-22.10 2.20 2.90 3.60 4.60 5.00
19 0.18 0.04 4.90 —26.10 —23.50 -22.70 —22.30 -21.70 2.40 3.16 4.30 4.70 6.70
20 0.07 0.03 2.40 —28.50 —26.95 —24.70 —23.24 -21.10 1.50 2.48 3.15 3.99 4.70
21 0.07 0.18 0.40 —29.40 —28.88 —27.30 —26.10 -23.60 3.00 3.62 5.00 6.54 8.70
22 5.85 0.64 10.70 —22.93 —22.23 -21.55 —21.30 -19.83 1.50 4.96 6.60 7.50 14.00
23 0.83 0.10 9.70 —-27.01 —25.65 —24.05 —23.19 -20.65 —-0.34 2.00 3.10 3.78 4.16
24 0.07 0.03 3.40 —28.10 —27.70 —25.90 —24.69 —23.40 2.80 3.08 3.70 4.20 4.90
25 0.37 0.05 9.30 —26.60 —23.60 —-23.20 —22.70 -21.10 2.30 3.30 4.20 4.90 7.20
26 0.06 0.22 0.30 —29.80 —29.62 —27.90 —26.77 —24.40 1.70 3.16 3.90 5.43 6.00
27 0.16 0.05 3.40 —23.70 —23.42 —-23.00 —22.60 —22.00 3.80 4.37 5.30 6.00 6.10
28 0.07 0.17 0.50 —29.10 —28.81 -28.35 —27.94 -27.70 5.10 5.10 5.15 5.46 5.70
29 0.04 0.03 1.60 —29.10 —28.70 —-27.30 —26.86 —25.90 2.80 2.83 3.20 3.42 4.10
30 1.39 0.13 12.50 —28.22 —26.83 —26.32 —24.46 —23.44 —1.30 1.22 1.89 3.25 4.01
31 0.10 0.03 3.90 —23.70 —23.56 —22.80 —22.54 —-22.00 4.50 4.93 5.35 5.70 6.00
32 1.96 0.14 16.30 —28.56 —27.30 —-26.57 —25.22 -23.68 —-1.37 0.02 1.05 2.52 4.20
33 0.12 0.04 3.70 —23.40 —23.28 —-22.70 —22.40 -22.10 5.20 5.30 5.60 5.70 6.00
34 0.08 0.04 240 —29.60 —28.90 -28.45 —28.05 —26.30 2.50 2.75 3.60 4.67 5.20
35 0.08 0.10 1.00 —28.80 —28.64 —28.50 —28.16 —26.60 5.20 5.20 5.30 5.48 5.60
36 0.21 0.05 4.60 —24.80 —24.26 —23.85 —23.20 -21.20 3.00 3.30 3.55 4.40 5.00
37 1.01 0.11 10.70 —28.00 —26.87 —25.56 —24.28 -23.13 —-0.97 0.08 1.56 2.87 4.52
38 0.11 0.06 2.10 —29.30 —29.14 —-28.60 —28.24 —-27.90 2.70 3.70 4.40 4.58 5.20
39 3.07 —29.55 —28.68 —26.20 —25.64 —-23.25 —0.30 0.79 1.60 2.25 3.60
40 0.33 0.06 6.40 —29.92 —27.49 —-26.04 —25.15 -21.40 —0.25 3.18 5.07 8.02 25.47
41 0.12 0.07 210 —29.40 —27.94 -27.20 —25.10 —-25.00 3.30 4.30 5.15 5.56 6.00
42 0.09 0.09 1.20 —27.90 —26.98 —26.55 —25.74 —-25.60 2.90 2.92 3.95 5.76 5.90
43 0.25 0.06 4.90 —28.36 —26.25 —-25.12 —24.62 -18.14 0.08 4.01 5.77 7.86 12.29
44 0.08 0.05 1.90 —26.60 —26.16 —25.85 —25.44 -25.10 3.20 3.64 4.50 5.94 7.50
45 0.43 0.05 10.80 —25.80 —25.40 -25.25 —24.98 —-24.50 1.40 2.36 2.80 3.02 3.40
46 3.10 0.12 24.90 —28.60 —28.48 -27.70 —27.28 —27.00 —2.40 —2.18 —1.80 —1.56 —1.50
a7 0.08 0.01 33.94 —24.40 —24.02 —-23.20 —22.93 —-22.80 3.70 3.76 3.90 4.38 4.60
48 0.38 0.07 6.30 —28.15 —27.03 -25.45 —24.83 —22.50 2.01 3.90 5.43 7.35 14.81
49 0.13 0.04 3.70 —27.30 —26.82 —26.50 —26.34 —26.10 5.30 5.86 6.40 7.20 7.60
50 0.19 0.04 5.50 —27.39 —26.55 —25.86 —25.31 -24.32 —1.86 3.18 4.43 5.33 6.99
51 0.45 0.03 16.30 —29.00 —28.90 -28.70 —28.50 —28.40 4.20 4.22 4.25 4.28 4.30
52 —25.70 —24.73 -24.20 —23.85 -23.15 3.90 4.17 4.46 5.16 5.60
53 0.20 0.02 12.90 —29.00 —28.79 —-27.70 —27.46 —26.70 2.30 3.41 3.90 4.14 4.40
54 0.08 0.01 28.07 —25.60 —25.57 -25.50 —25.16 —25.00 4.50 4.56 4.70 4.84 4.90
55 10.04 0.35 33.00 —29.20 —28.77 —-27.85 —27.04 —-26.70 —2.30 —2.16 —2.00 -1.79 —1.60
56 20.05 0.68 34.40 —28.90 —28.00 -27.10 —26.11 -22.75 —2.80 -2.07 -1.30 0.30 1.20
57 11.42 0.39 34.30 —27.80 —27.74 —-27.60 —27.15 —-26.70 1.40 1.66 3.40 3.70 3.70
58 181 0.06 34.90 —29.70 —27.05 -26.30 —25.60 —24.70 —7.80 —-3.80 —-1.00 0.77 3.00
59 151 0.10 18.30 —26.52 —26.06 —25.65 —25.28 -25.14 —2.51 -1.71 —0.15 1.02 2.30
60 10.62 0.41 30.10 —28.30 —27.78 —27.50 —27.10 -26.20 —3.50 —3.02 —2.05 —1.24 2.80
61 7.20 —27.60 —27.08 —26.65 —25.84 —24.80 —2.26 —-1.75 —1.45 —0.90 —0.75
62 20.28 0.60 39.40 —28.80 —28.04 -27.10 —25.10 -22.10 —2.90 —2.60 —1.65 —0.59 1.33
63 3.74 0.15 28.20 —26.54 —26.16 —25.12 —23.93 -23.82 —-2.70 —2.60 —2.17 —1.83 —0.65
64 2.30 —24.85 —24.73 -24.13 —23.19 -22.90 —-3.72 —3.35 —2.89 —1.98 —-1.92
65 7.40 —27.20 —26.46 —26.10 —24.88 —23.20 —4.87 —3.70 —3.38 —2.88 —-1.72
66 8.60 —25.30 —24.35 -23.40 —22.95 -22.60 —5.74 —3.95 -3.14 —2.52 —1.60
67 19.00 —28.30 —27.47 —-25.95 —21.90 -21.40 —2.27 —-1.91 —1.65 —0.86 0.20
68 11.10 0.40 3238 —2.68 —2.42 -1.78 —1.45 3.00
69 22.57 0.75 35.10 —28.90 —28.50 —27.80 —26.79 —23.20 —2.75 —1.85 —-1.15 —0.63 0.03
70 10.89 0.42 30.60 —-1.22 -0.22 1.22 2.04 2.55
71 7.50 —28.10 —27.20 —-25.10 —24.40 —-23.50 —2.73 —2.27 —1.69 —1.08 —-0.70
72 5.16 0.20 30.40 —27.10 —26.64 —25.60 —24.71 -23.60 —-4.10 —3.90 —2.55 0.38 3.30
73 0.79 0.05 18.60 —27.25 —27.01 —-26.36 —22.63 —19.57 —-3.17 —2.12 0.05 1.15 1.20
74 10.17 0.34 34.50 —29.70 —29.18 -28.60 —27.46 —23.90 —-4.20 —2.60 -1.90 -1.22 0.30
75 5.80 0.26 26.00 —27.60 —27.60 —27.05 —26.85 —26.30 —2.68 —-2.10 0.13 3.62 5.72
76 0.82 0.06 17.20 —28.28 —27.54 —-25.56 —25.13 -25.13 —2.45 -2.15 1.40 1.83 2.60
77 0.40 —2.50 —2.37 —0.70 0.29 1.70
78 3.84 0.15 30.00 —29.00 —28.64 —28.50 —27.29 -23.40 —2.00 —-1.30 —0.90 0.09 3.40
79 0.16 0.03 5.80 —28.80 —25.41 —24.65 —22.74 —-21.90 0.10 1.25 1.90 2.61 2.80
80 1.65 0.08 22.60 —27.28 —26.72 —-24.29 —23.21 -21.85 —2.09 -1.83 —0.95 1.38 2.36

www.biogeosciences.net/11/1273/2014/

Biogeosciences, 11, 12B%-2014



1278 T. J. Algeo et al.: Icehouse—greenhouse variations in marine denitrification

Table 1.Continued.

Elemental C-Isotopes N-Isotopes

Record TOC N C:N Min Percentiles Max Min Percentiles Max

(%) (%)  (mol) 16th 50th 84th 16th 50th 84th
81 3.68 0.09 47.40 —24.30 —24.16 -21.70 —20.03 -17.20 —5.45 —4.93 -3.12 -1.33 -1.31
82 0.60 —28.70 —26.27 —25.20 —24.34 -22.70 —2.58 —1.89 0.05 1.29 2.10
83 1.48 0.07 26.30 —26.70 —26.20 —25.30 —24.76 —24.40 —0.66 0.83 2.07 2.81 3.75
84 112 0.06 20.50 —28.30 —28.04 -27.70 —27.30 -27.00 -1.67 —0.36 2.33 3.05 5.02
85 14.67 0.66 25.90 —26.80 —26.04 —24.00 —21.60 -21.30 0.49 0.95 1.53 211 2.58
86 114 —30.86 —28.66 —27.24 —25.61 -24.10 —3.09 —1.81 —0.96 0.39 2.38
87 0.91 —30.85 —28.05 -25.85 —25.12 -24.53 —2.89 -1.72 -1.04 0.11 1.50
88 6.91 0.26 30.80 —31.30 —31.03 -28.60 —26.95 -26.60 1.55 1.66 2.29 2.65 2.84
89 5.59 —32.20 —30.96 —28.79 —26.76 —25.62 —3.57 —2.09 -1.09 0.33 1.99
90 1.28 —34.00 —32.80 -31.90 —31.20 -28.60 —2.88 -1.50 —-0.63 1.33 3.80
91 0.51 —27.75 —27.12 —26.90 —25.92 -25.43 —2.12 -1.37 -0.76 -0.17 0.04
92 157 —29.90 —29.36 —28.45 —27.70 —27.60 1.10 124 1.60 1.93 2.20
94 2.80 —29.90 —29.60 —29.05 —28.49 —26.80 1.70 2.10 2.60 3.01 3.30
93 2.19 049 520 —32.00 —-31.94 -31.80 —31.39 -31.20 1.96 2.00 2.09 2.95 3.35
95 1.50 —29.70 —28.75 —26.70 —26.00 —25.70 3.30 3.50 3.60 4.19 5.10
96 0.41 —29.60 —27.50 -26.10 —25.40 -25.10 0.10 0.40 0.85 1.21 2.10
97 1.66 0.26 7.50 —31.90 —30.70 —30.05 —28.94 -28.70 —0.62 0.03 0.82 1.61 1.89
98 1.17 0.17 8.20 —30.90 —30.89 -30.70 —30.04 -29.70 2.25 2.54 3.12 4.59 4.98
99 —31.59 -31.56 —31.53 —4.11 -3.97 -3.83
100 18.53 0.38  34.50 —30.10 —30.09 -30.02 —29.95 -29.94 —4.93 —4.61 -3.94 -3.79 -3.72
101 0.09 0.01 7.00 —31.56 —-30.55 -27.97 —26.86 —25.08 0.66 224 3.02 3.55 4.32
102 0.63 0.06 11.80 —29.58 —28.87 -28.20 —27.44 —-26.70 2.18 2.68 3.03 3.60 4.46
103 0.27 0.07 4.30 —27.86 —27.31 -25.98 —2531 -24.69 1.34 1.77 2.13 2.34 2.42
104 0.16 0.09 210 —31.46 —30.75 —29.03 —27.60 -25.38 4.49 4.83 5.34 6.02 6.38
105 0.08 0.11 0.80 —26.09 —25.54 —24.80 —2421 -22.24 —0.49 0.17 0.32 0.42 1.79
106 1.23 0.19 7.60 —28.09 —27.41 -26.57 —25.42 -24.12 -1.19 —0.01 0.24 0.65 1.10
107 0.17 0.01 14.30 —27.36 —26.85 —26.46 —26.15 -25.75 4.00 4.21 4.88 5.55 5.88
108 0.20 0.02 9.30 —26.95 —26.69 -24.21 —23.67 -2351 1.55 1.71 2.19 3.44 4.22
109 0.95 0.09 12.70 —27.63 —24.44 -24.04 —23.80 -23.57 3.05 3.25 3.60 3.96 4.67
110 5.77 0.39 17.10 —27.65 —26.35 -—25.44 —24.76 —23.47 —0.44 3.36 5.33 7.23 10.52
111 0.79 0.11 8.30 —24.28 —23.99 -23.84 —2354 -23.35 1.97 2.44 3.46 4.24 5.06
112 11.54 0.66 20.40 —27.98 —27.70 —26.80 —25.58 —24.45 4.26 5.15 5.88 11.77 12.90
113 10.87 0.59 21.50 —27.87 —27.20 —-26.72 —25.73 -25.18 4.49 5.37 5.69 6.03 7.05
114 14.34 0.68 24.50 -29.11 —28.67 -27.91 —26.89 -25.34 4.05 4.64 5.23 9.17 13.39
115 1.52 0.15 11.80 —25.72 —24.77 -24.25 —23.83 -22.71 2.27 4.18 4.76 5.20 5.52
116 2.88 0.24 14.00 —31.50 —31.29 -30.70 —29.25 -27.00 8.90 9.50 10.40 11.30 12.00
117 2.92 0.34 10.00 —29.54 —29.08 -28.26 —27.64 -27.05 5.98 9.65 10.42 10.90 11.77
118 2.89 0.29 11.60 —30.91 —29.27 -28.28 —27.50 -24.27 391 5.48 6.10 7.27 8.74
119 2.36 0.14 19.60 —29.62 —29.37 -28.80 —28.22 -27.76 3.92 5.35 6.52 7.69 10.70
120 5.20 0.26 23.30 —30.33 —30.13 -29.55 —28.60 —24.77 3.53 7.12 9.05 10.35 11.48
121 4.52 0.24 21.50 -30.91 -30.19 -29.61 —-29.01 -27.32 3.24 6.91 8.89 10.76 11.80
122 1.34 0.20 7.82 —30.24 —30.08 —29.66 —29.45 -29.33 6.40 7.40 8.60 9.80 11.20
123 9.90 0.42 27.80 —30.46 —30.38 -30.18 —-29.91 -29.72 —0.59 —0.06 1.37 2.14 247
124 7.94 0.27 34.05 —28.75 —28.57 —28.37 —28.14 -27.80 -0.37 —0.15 0.56 1.74 2.97
125 8.13 0.28 33.70 —29.90 —29.61 -28.37 —27.58 -27.49 0.16 0.64 1.84 4.03 4.55
126 5.68 —28.75 —2852 -28.25 —27.42 -26.76 -0.37 —0.07 1.15 1.90 2.97
127 9.94 0.00 —28.50 —28.01 -27.39 —26.82 —-26.07 0.10 1.23 2.09 2.98 3.70
128 5.38 0.26 24.60 —30.00 —29.60 -28.85 —27.30 -23.50 -1.20 —0.10 0.70 2.20 2.90
129 9.57 0.30 37.00 —29.00 —28.74 —28.42 —28.09 -27.86 —0.05 0.11 0.22 0.55 0.76
130 6.26 —28.61 —27.63 -27.28 —26.63 —25.96 —2.26 —2.01 -1.67 1.02 1.73
131 0.97 0.11 10.70 —30.14 —29.90 -29.44 —29.16 —29.07 1.01 127 172 1.95 2.00
132 2.66 0.16 19.50 —31.00 —29.95 -29.35 —28.45 -27.05 -3.75 —1.70 —0.50 0.40 3.10
133 —31.55 —30.15 -29.25 —28.45 —27.30 —2.65 —0.40 1.00 2.25 3.35
134 6.75 0.40 19.70 —31.90 —30.25 -—29.80 —29.45 -28.95 -1.75 0.45 1.55 3.45 8.80
135 3.45 0.15 27.10 —31.80 —31.69 -31.05 —29.61 -27.70 —2.20 —1.28 —0.50 —0.12 0.10
136 0.13 0.01 24.30 —30.75 —29.90 -29.00 —27.04 -25.60 —0.90 —0.01 0.95 2.63 5.50
137 2.26 0.13 20.70 —31.95 —31.30 —30.50 —29.27 -28.10 —1.30 —0.39 0.16 0.67 1.45
138 2.59 0.17 17.30 —28.93 —28.69 —28.39 —28.06 —23.26 -3.25 —1.60 -1.13 —0.44 0.07
139 1.53 0.13 13.60 —30.42 —29.46 —28.59 —2750 -27.25 -3.97 —3.03 -2.27 —0.92 —0.30
140 0.69 0.09 8.60 —30.80 —30.22 -28.91 —28.14 -27.84 -1.14 0.00 0.69 1.47 5.82
141 0.52 0.12 5.8 —29.92 -3.70
142 0.16 0.08 252 —29.47 —2891 -28.32 —27.94 -26.27 —6.54 —5.82 —3.58 —2.59 -1.93
143 3.38 0.12 32.64 —33.76 —33.15 -32.55 —-31.92 -31.87 —1.80 -1.07 —-0.85 -0.35 0.72
144 0.95 0.03 35.96 —34.39 —33.06 —32.59 —-32.16 -26.71 —4.96 —0.78 0.37 2.59 14.98
145 0.04 0.00 10.60 —26.93 —26.53 —25.67 —24.82 —24.42 —2.44 —-2.35 —2.16 -1.97 —1.88
146 0.31 0.01 56.77 —33.40 —29.20 -—28.00 —27.52 -26.89 —2.79 —1.57 -0.93 -0.21 0.41
147 0.02 0.01 3.12 —26.57 —26.32 —25.40 —25.19 -25.15 —2.59 —2.28 —1.94 —1.58 -0.84
148 5.03 0.39 15.00 —37.19 —36.18 —30.26 —29.45 -29.33 —12.62 —11.26 -5.17 -3.31 —2.63
149 6.35 0.19 38.39 —37.50 —36.49 -36.17 —3456 -27.95 0.42 142 161 1.88 2.57
150 0.22 0.03 847 —35.92 —35.28 —27.66 —2552 —24.99 —3.99 -3.29 0.68 2.18 2.84
151 1.55 0.07 27.30 —35.74 —29.42 —29.03 —28.72 -28.11 0.89 1.89 2.49 2.87 3.23
152 0.09 0.01 877 —28.76 —26.20 —25.18 —24.74 -24.42 0.60 0.65 0.95 1.28 1.47
153 1.00 0.06 20.77 —33.68 —-33.16 -32.21 —28.52 —27.37 —2.26 0.40 1.14 2.37 272
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The §15Ngeq data set exhibits pronounced secular varia-to —3 %0 ) owing to near-quantitative utilization of porewa-
tion (i.e.,a range of- 10 %0) and strong secular coherence ter nitrate (Sigman et al., 2003; Lehmann et al., 2004). The
(i.e., 74 % of total variance is accounted for by the LOWESSanammox reaction, in which ammonium and nitrate (or ni-
curve). The secular coherence of the data set is significant itrite) are converted to N may eliminate more fixed N than
view of the relatively short residence time of nitrate in seawa-denitrification in some marine environments (Kuypers et al.,
ter (~ 3 kyr) (Tyrrell, 1999; Brandes and Devol, 2002), which 2005), although the isotopic fractionation associated with
theoretically offers potential for stron&;}5NNO§ variation at  this process is not well known (Galbraith et al., 2008).

intermediate (18-1CF yr) timescales (Deutsch et al., 2004). e l;ls-isotopic composition of marine sediment depends
Indeed, sub-Recent marine sediments exhibitia %o range " thes>N of seawater fixed N, fractionation during assim-
of 815N variation (Tesdal et al., 2012), reflecting local wa- ilatory uptake, and supsequent a_lteration during decay in the
ter mass effects linked to (1) strong N fixation, which can Water columnand sediment (Robinson etal., 2012). Both am-
Iower815NNof by several per mille, as in the Cariaco Basin Monium and nitrate can be used as N sources in primary pro-
3 i 1 1 1 0, _ 0,
and Baltic Sea, and (2) strong water-column denitrification,ducuon{ with fractionations OH_O (t 5) %o and—3(+ 2) @’ .
which can raiseé!®Nyo by > 10%, as in upwelling sys- respectively (Hoch et al., 1994; Waser et al., 1998). Nitrate is
3

¢ in the Arabian S d th ¢ tropical Pacifi by far the more important source of N for eukaryotic marine
ems in the Arablan >ea an € eastem lropical Facl I%ngae, but ammonium is utilized by some modern microbial

(Brandes and Devol, 2002; Gruber, 2008). However, the cu- I I
) N . . communities (Higgins et al., 2012) and may have been the
mulatives 1N distribution for sub-Recent sediments yields a (Higg ) y

. e main N substrate for eukaryotic algae during some oceanic
m —6 9 [+
ode of 5-6 % W'tha standard dewatlonjag.S %o _(Tesdal anoxic events (OAEs; Altabet, 2001; Higgins et al., 2012).
et al., 2012), which conforms well to the isotopic compo-

y . : Assimilatory uptake enriches the residual fixed N podfiN
sition of modern seawater nitrat¢4.8+ 0.2 %o) (Sigman et yup P

and can result in shifts in thi#°Nyos- of local water masses
al., 2000); note that the mean value of 6.7 % reported by Tesyy, .y ot a1 "1994), but quantitative utilization of fixed N by
dal et aI..(2012) IS skeyved toward the high side by an OVeITePnarine autotrophs at annual timescales normally limits frac-
resentation of upw_elllng-_zone sediments. Thqs,&ﬁ%\lsed tionation due to this process (Sigman et al., 2000; Somes et
values of paleomarine un_|ts (Table .1) can be viewed asa ranél_, 2010). These processes determine the N-isotopic compo-
dom sample of a population of sedimefPNseqvalues of a

. L sition of primary marine organic matter, before modification
given age, the average of which is close to inIQH@\IN(?g of by diagenesis.
contemporaneous seawater. Although we cannot discount the

possibility that some of our units are nonrepresentative of4 2 |nfluence of diagenesis on sedime@tsN
seawate615NNo§ ofa given age, the broadly coherent pat-

tern of secular variation recorded by our data set is not conDiagenesis has the potential to alter the N-isotopic composi-
sistent with it being primarily a record of random local water tion of organic matter. First, selective degradation of amino
mass effects (see Sect. 4.4). acids can produce shifts of a few per millesitPNseq (Prahl
et al., 1997; Gaye-Haake et al., 2005). Second, aerobic bac-
terial decomposition of organic matter results in deamina-

4 Discussion tion, i.e., the release of isotopically light I\IHto sediment
porewaters (Macko and Estep, 1984; Macko et al., 1987;
4.1 The marine nitrogen cycle Holmes et al., 1999), which results }AN enrichment of the

organic residue by a few per mille (Altabet, 1988; Libes and
Long-term secular variation id°Nseq and, by extension, Deuser, 1988; Francois et al., 1992; Saino, 1992; Lourey et
in the 815N of seawater fixed nitrogen can be interpreted in al., 2003). Subsequent nitrification can enrich the porewater
terms of dominant processes of the marine N cycle, the mailNH, pool in N by 4-5 %., potentially leading to changes
features of which are now well understood. Most bioavail- in bulk-sedimens1°N if NHjlr diffuses back to the water col-
able N is fixed by diazotrophic cyanobacteria with a fraction- umn (Brandes and Devol, 1997; Prokopenko et al., 2006).
ation of —1 to —3 %o relative to the atmosphericoNsource However, if NI—I;r generated within the sediment is captured
(8°Nair ~0%o) (Brandes and Devol, 2002; Gruber, 2008). by clay minerals, then the bulk sediment may show little or
Apart from assimilatory uptake, the major sinks for seawa-no change irs1°N relative to the organic sinking flux (Hig-
ter fixed N are denitrification within the sediment or in the gins et al., 2012). Because decay processes can have vari-
water column and the anammox process. Denitrification in-able effects o81°Ngeq net fractionation can be either posi-
volves the bacterial use of nitrate as an oxidant in the restive or negative relative to the unaltered source material. Sur-
piration of organic matter with a maximum fractionation of face sediments tend to be enriched3N by 1-5 %o relative
~ —27 %o (but commonly with an effective fractionation of to particulate organic nitrogen in the water column, possi-
~ —204+ 3 %), resulting ina strongly®°N-enriched residual  bly because the latter has undergone less extensive deami-
seawater nitrate pool. Denitrification in suboxic marine sed-nation (Brandes and Devol, 1997; Gaye-Haake et al., 2005;
iments typically yields much lower net fractionation 1 Prokopenko et al., 2006; Higgins et al., 2010). Differences
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between thé1°N of the sinking and sediment fractions show +12

water-depth dependence, reflecting greater oxic degradation

of organic matter settling to the deep-ocean floor, although

this effect is relatively small (Robinson et al., 2012). In con- &

trast, rapid burial of organic matter in continental shelf and +8

shelf-margin settings can yield sediméhtN values that are

little modified from those of the organic export flux (Altabet

and Francois, 1994; Altabet, 2001; Robinson et al., 2012).
Studies of N subfractions have been undertaken with the —

goal of recovering a N-isotopic signature that is compar- 3 °
atively free of diagenetic effects. Chlorin N (Higgins et W
al., 2010) is'®N-depleted relative to bulk-sediment N due o R 8 R

A Proterozoic-Jurassic
A o Cretaceous-Recent

(%)

4

toa~ 5 %o fractionation during photosynthesis (Sachs et al., f oo °o g o
1999). Some studies have claimed large (up to 5 %o ) shifts in A 8 ° g °oo
bulk-sediments’°N as a consequence of diagenesis (Sachs o 8 °
and Repeta, 1999). However, the studies of N subfractions 4 8
cited above exhibita systematic offset of 3-5%. between A r?20.003
bulk-sediment and compound-specifi€®N values that is

30 100 300 1000 3000

consistent with the effects of photosynthetic fractionation
overprinted by, at most, smalk(2 %0) diagenetic effects.
Following early diagenesis, deeper burial rarely causes morgig. 2. Mean §1°Ngeq versus distance from land. All Proterozoic
than minor changes in N-isotopic compositions, as shown byto Jurassic units were arbitrarily plotted at a distance of 30 km
(1) 815N variation of only a few per mille over a wide range of owing to their epicontinental settings and uncertainties regarding
metamorphic grades (Imbus et al., 1992; Busigny et al., 2003paleocoastal geography. Distances for Cretaceous to Recent units
Jia and Kerrich, 2004), and (Z)15N values for metamor- Were measured from the paleogeographic map series of Ron Blakey
phosed units that are virtually indistinguishable from those of(Colorado Plateau Geosystentstip://cpgeosystems.cojn/Note
coeval unmetamorphosed units (e.g., compare the Eocendl® |ac_|§ of any relationship betweéh®N and the distance of the
Jurassic Franciscan Complex with age-equivalent units; Tagleposmonal site from land.
ble 1). Ancient marine sediments are thus considered to be
fairly robust recorders of the ambient isotopic composition
of seawater fixed N (Altabet and Francois, 1994; Altabet etscreen samples for the presence of terrestrial organic mat-
al., 1995; Higgins et al., 2010; Robinson et al., 2012). ter, including petrographic analysis to identify maceral types
(Hutton, 1987), biomarker analysis of steroids, polysaccha-
4.3 Influence of organic matter source on sedimer&'°N rides, and hopane and tricyclic ratios (Huang and Meischein,
1979; Frimmel et al., 2004; Peters et al., 2004; Grice et al.,
All of the data used in this study represent bulk-sediment N-2005; Sephton et al., 2005; Wang and Visscher, 2007; Xie
isotopic compositions, thus including both organic and inor-et al., 2007; Algeo et al., 2012), and hydrogen and oxy-
ganic nitrogen. The amount of mineral N present in most ma-gen indices (HI-OIl) (Espitalié et al., 1977, 1985; Peters,
rine sediments is so small that it typically has little influence 1986). Such proxies are generally reliable in distinguish-
on bulk-sedimend'®N (Holloway et al., 1998; Holloway and  ing organic matter sources, subject to some caveats (Mey-
Dahlgren, 1999). In contrast, clay-adsorbed N (principally ers et al., 2009a). These types of proxies were available
ammonium) can be quantitatively important, with concentra-only fora subset of the present study units (Table 1), but,
tions of ~0.1-0.2% in some marine units (e.g., Fig. 3 in where available, they generally confirmed the dominance
Meyers, 1997; Fig. 3 in Licke and Brauer, 2004; and Fig. S1of marine over terrestrial organic matter. Studies of mod-
in Algeo et al., 2008). However, clay-adsorbed N is mostly ern continental shelf sediments show a rapid decline in the
derived from sedimentary organic matter, and the organic-toproportion of terrestrial organic matter away from coastlines
clay transfer of nitrogen is often ata late diagenetic stage(Hedges et al., 1997; Hartnett et al., 1998). The study units
thus limiting translocation of N within the sediment column of Proterozoic to Jurassic age were mostly epicontinental
(Macko et al., 1986). These considerations suggest that thand, hence, deposited close to land areas (Fig. 2), although
presence of a small inorganic N fraction in the study units isthere was little terrestrial vegetation for export to marine sys-
unlikely to affect our results. tems prior to the Devonian (Kenrick and Crane, 1997). In
In compiling thes1°Nsegdata set used in the present study, contrast, the study units of Cretaceous to Recent age (which
our principal concern was that admixture of large amounts ofare mostly from Deep Sea Drilling Project (DSDP), Ocean
terrestrially sourced organic N might bias the mareN Drilling Program (ODP), and Integrated Ocean Drilling Pro-
record. A number of different procedures can be used togram (IODP) cores) overwhelmingly represent open-ocean

Distance from land (km)
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Fig. 3. is Nsed\grsuss Corg for 153 marine study units. The av- 1, 4 515y versus Grg: N ratio. Average composition of mod-
erages~>Nseqd~“Corg compositions for five depositional settings g1 marine plankton shown by red star, and approximate compo-
are shown by crosses (mean) and ovals (one standard error of thgiiona| range of terrestrial (i.e., soil-derived) organic matter by

mean). Tt115e data set 28 whole exhibits no significant covariationyreen rectangle. Note that the pattern of negative covariation be-
betweens=>Nsegands=Corg. However, there are statistically Sig-  {yeens15Ngeqand Gorg: N is not clearly associated with a terres-

nificant differences in averag&szedal??Corg compositions by trial endmember and does not provide evidence of pervasive mixing
depositional setting (see Sect. 4.4 and Fig. 5). of marine and terrestrial organic matter in our study units.

and distal continent-margin sites that were at a significant refarly characteristic of organic-rich sediments deposited un-
move from land areas (Fig. 2) and, hence, unlikely to haveder anoxic conditions (e.g., Junium and Arthur, 2007). This
accumulated large amounts of terrestrial organic matter.  pattern has been attributed to enhanced cyanobacterial N fix-
Sediment Grg: N ratios potentially also provide insights ation under N-poor conditions in restricted anoxic marine
regarding organic matter sources (Meyers, 1994, 1997). Terbasins (Junium and Arthur, 2007) but potentially might be
restrial organic matter is characterized by highyCN ratios  due to enhanced assimilatory recycling'éi-depleted am-
(~20-200) owing to an abundance of N-poor cellulose inmonium in such settings (Higgins et al., 2012).
land plants (Ertel and Hedges, 1985). In contrast, fresh ma- The relatively N-poor nature of terrestrial organic matter
rine organic matter exhibits lowdg : N ratios ¢~-4-10) ow-  means that, even if present in modest quantities, it is un-
ing to a lack of cellulose and an abundance of N-rich proteinglikely to have had much influence on bulk sediméhN.
in planktic algae (Mller, 1977). Diagenesis can result in ei- For example, in a 50 : 50 mixture of marine and terrestrial or-
ther lower Grg: N ratios through preferential preservation of ganic matter,~ 80-95 % of total N will be of marine origin
organic N as clay-adsorbed ammonium, or highggONra-  because of the lower gz : N ratios of marine organic mat-
tios through preferential loss of proteinaceous componentser (~ 4-10) relative to terrestrial organic matter 20—-200)
(Meyers, 1994). Covariation betweert®N, §13Cqrq, and  (Meyers, 1994, 1997). Where mixing proportions have been
Corg: N ratios can reveal mixing relationships in estuarine quantified, the terrestrial organic fraction is more commonly
(Thornton and McManus, 1994, Ogrinc et al., 2005) and ma-in the range of 10-20% (e.g., Jaminski et al., 1998; Algeo
rine sediments (Miller, 1977; Meyers et al., 2009b). In ouret al., 2008), in which case 95% of total N is marine-
Phanerozoic data set+*Corg and8*°N exhibit no relation-  derived. Although we cannot conclusively demonstrate that
ship (> =0.01; Fig. 3), but'°N exhibits moderate negative our Phanerozoic marin&®N trend (Fig. 1) is uninfluenced
covariation with Grg: N (r2=0.21; p(e) <0.001; Fig. 4). by terrestrial contamination, we infer that such influences
The source of the latter relationship is uncertain. Althoughwere probably minimal, and that the observed pattern of
conceivably representinga marine-terrestrial mixing trend,secular variation id1°Nsegbroadly reflects the isotopic com-
this interpretation is unlikely given that the majority of units position of contemporaneous seawater fixed N.
with low 81N and high G:N values come from open-
marine settings of Cretaceous—Recent age that presumably
contain little terrestrial organic matter. The linkage of higher
Corg: N ratios (to~ 40) with lower §'°N values is particu-
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i ; i 15
4.4 Influence of depositional setting on sedimer&N +12 P y—

: Oceanic-mediterranean
One important issue is whether aif®Nseqdata set records 8 v ¢ Upwelling
variation ina global parameter (i.e., seawater nitsdfN) v Epeiric

or represents mainly local water mass effects in which sedi-g 414
ment§1°N varied as a function of depositional setting. Ow- <
ing to unevenness in the distribution of depositional settingsnz 0 v
in our data set through time, we cannot answer this questior?o B
definitively, but the following analysis provides some insight g
as to the relative importance of local versus global controls
on sedimens™®N. .
We classified the 153 study units into five categories of de- [ Cenoz [ Cretac [ Juras | Trias [ Pem [Pn]Miss[ Devon][Si Ord [ Camb] Ediacaran [Ciyo
positional setting: (1) oceanic, i.e., unrestricted deep marine; 0 100 200 Agg"f(’Ma) 400 500 600
(2) oceanic-mediterranean, i.e., restricted deep marine; (3)
upwelling, i.e., open continental margin/slope witha known Fig. 5. §1°Ngeq as a function of depositional setting. For
upwelling system; (4) shelf, i.e., open continental marginthe Neogene, upwelling units are 1.3%. enriched and oceanic-
without upwelling; and (5) epeiric sea, i.e., a cratonic-interior mediterranean units 3.0 %o depletedi™N on average relative to
shelf or basin. When viewed as a function of time (Fig. 5), 0ceanic units. For units of any given age, note the generally lim-
it is apparent that there isa major change in depositionaited variation in3**Nseq among different setting types, relative
settings in the mid-Mesozoic: all pre-Cretaceous units ard® (he 1arger variation i Nseq thrgugh time. For the Phanero-
from either shelf or epeiric-sea settings, whereas Cretaceo /¢ 352 whole, note the smooi*Nseq transition in the mid-
to Recent units are mostly oceanic or oceanic-mediterraneaglhes'o.Z ol betweer.‘ entirely d.'fferem setting types, 1.e., epelric an.d
. ) .~ shelf in the Jurassic and earlier versus mainly oceanic and oceanic-
Wlt_h a small number from other settlngs._The reason for th_'smediterranean in the Cretaceous and later.
shift is that nearly all pre-Cretaceous units were collected in
outcrop and represent cratonic deposits, whereas the majority
of Cretaceous and younger units were collected during deepN-isotopic composition of some study units, the foregoing
sea (DSDP, ODP, or IODP) cruises and represent deep-oceabservations are not consistent with the hypothesis that our
deposits. Thus, the ultimate control on the age distribution ofPhanerozoié®Nseqrecord is dominated by such influences.
depositional settings in our data set is the age distribution ofMe infer that there isa dominant underlying secular signal
present-day oceanic crust. present in theé1°Nseq data set that is independent of setting
Several significant observations can be gleaned from thaype and that reflects a global control, i.e., seawﬁt?NNOg.

age distribution of depositional settings (Fig. 5). First, rel-  In our data set, most of the Phanerozoic is characterized
atively young (i.e., Neogene) oceanic units exhibit an aver-py a relatively low density of data (averaging one data point
age 8™°Nsed (+4.240.8 %0) that overlaps with and is only per 4-5 million years). However, a few narrow {-Myr-
marginally depleted relative to the N-isotopic composition Jong) time slices are represented by multiple data points, pro-
of present-day seawater nitrate-4.8-5.0%o) (Sigman et viding a basis for assessing spatial variance at certain times
al., 2000). This observation is consistent with the infer-in the past. One such interval is the Cenomanian—Turonian
ence that'®Nseqis a relatively robust recorder of seawater boundary (Fig. 6). During this interval, the range of varia-
515NN03— (Altabet and Francois, 1994; Altabet et al., 1995; tion in unit-means'®Ngeq values is just 1.7 %o (i.e+2.9 to
Higgins et al., 2010; Robinson et al., 2012). Second, the—1.2 %o) for sites ranging from high northern to high south-
range of$1°Nsegvariation shown by Neogene units as a func- ern paleolatitudes. While the majority of these units repre-
tion of depositional setting is limited: on average, upwelling sent oceanic-mediterranean settings in the young North At-
units (+5.54 2.1 %o) are just 1.3 %o enriched and oceanic- lantic and South Atlantic basins, similat°Nseq values are
mediterranean unitsH1.24 2.2 %) just 3.0 %0 depleted in nonetheless observed in epeirie.9 %o in England) and up-
15N relative to oceanic units (Fig. 3). While these differenceswelling settings £1.6 %o in Morocco) (Jenkyns et al., 2007)
are statistically significant (gb(«) < 0.01), they are much as well as outside the Atlantic regior-2.6 %o on the Ker-
smaller than the- 10 %o range o0B1°Ngeqvariation observed — guelen Plateau) (Meyers et al., 2009a). Thus, these data im-
through the Phanerozoic (Fig. 1). Third, secular variation inply a relatively uniform N-isotopic composition for global
81Nseq is coherent across the mid-Mesozoic “junction” at seawater nitrate at the Cenomanian—Turonian boundary. Fur-
which pre-Cretaceous epeiric/shelf units yield to Cretaceougher, almost all of these regions exhibit-d to +5 %o shift in

and younger oceanic/oceanic-mediterranean units (Fig. 5)1°Ngsegfor units of latest Cretaceous to early Paleogene age
This observation is significant because it suggests that dif{Fig. 1; Table 1), consistent with our hypothesis of a global
ferent kinds of depositional settings are recording a commorshift in seawate815NNog during the Late Cretaceous.

signal that shows up in both cratonic interiors and the deep

ocean. While local influences are likely to have modified the

4 <4 <«

<
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4.5 Marine nitrogen cycle modeling

We employed a reservoir box model to investigate possible
controls on long-term secular variation in seawaﬂéNNog

(see Appendix C for model details). Seawa‘lé?NNog can

B be approximated froma steady-state isotope mass balance
% that assumes N fixationfix) as the primary source and
sedimentary fps) and water-column fpw) denitrification
as the two largest sinks for seawater fixed N (Brandes and
Devol, 2002; Deutsch et al., 2004; Gruber, 2008). We as-
sumed that the marine N cycle is ina homeostatic steady-
state condition at geologic timescales (DeVries et al., 2013),
(= and thus that losses of fixed N to denitrification are balanced
by new N fixation (i.e.,fow + fbs = frix), which is con-
sistent with the strong spatial coupling of these processes
in the modern ocean (Galbraith et al., 2004; Deutsch et al.,
2007; Knapp et al., 2008). Our baseline scenario utilized
fluxes and fractionation factors based on the modern marine
N cycle —i.e.,frix =220Tg 311 fos=160Tg El, fow =
60 Tgal, epix = —2 %o, eps = —2 %o, andepw = —20 %o
— wheree represents the fractionations associated with N
source and sink fluxesf{), and the photosynthetic fractiona-
tion factor ¢p) linked to nitrate utilization is 0 %.. This sce-
nario yields an equilibrium seawatét°Nyo- of +4.9 %o

Anqther ?'me. slice with ‘multiple .data points is the that matches the composition of fixed N ir13the present-day
Permian—Triassic boundary (PTB; Fig. 7). The range Ofdeep ocean (Sigman et al., 2000)

§15Ngeq variation obseryed at the_ PTB is somewhat greater The mostimportant influence on global seawatéN, -
than for the Cenomanian—Turonian boundary, but the geo- . = . . 3
graphic distribution of units is wider and their setting types var|at|o_n in our model is the fraction of denitrification that
are more diverse as well. Late Permian units predating thé “¢4"s !N the water columiby, calculated agDW{J(wa+

PTB crisis exhibit @1°Nseqrange of 4.6 %o (i.e 0.3 %o to fE’)S)’ Fig. 8). In our baseline gcenarloD@v - —20060, ep=
+4.9%0) but show spatially coherent variation: low values 0%), the modem seawa'téll NNQ§ of ~+4.1,9 /_°° corre-
characterize the central Panthalassic Ocegh3 %o), inter- ~ SPONds toFpw of 0.27 (point 1, Fig. 8b), which is close to
mediate values the Tethyan region (mostig.0 to-+3.6 %), recent estimates of 0.29 (DeVries et al., 2012) and 0.36 (Eu-
and high values the northwestern Pangean marghg to  9Ster and Gruber, 2012). However, the Sa“”]“r@\lNog com-
+4.9 %0). This pattern is likely to reflect regional variation Position can be achieved with other model parameterizations.
in the intensity of water-column denitrification, which was Laboratory culture studies indicate thagty might be as low
higher in the high-productivity oceanic cul-de-sac formed by as—10 %o in some marine systems (Kritee et al., 2012). Re-
the Tethys Ocean (Mii et al., 2001; Grossman et al., 2008)ducingepw to —15%. and—10 %o yields Fpw of 0.37 and

and in the northwest Pangean upwelling system (Beauchamf-62 (points 2 and 3, Fig. 8b); the former is still within the
and Baud, 2002; Schoepfer et al., 2012, 2013). Despite majof@ange ofFpw estimates for modern marine systems (cf. Eu-
changes in seawater temperature and dissolved oxygen le@ster and Gruber, 2012) although the latter is not. Our base-
els in conjunction with the PTB crisis (Romano et al., 2012; line scenario assumes no net fractionation linked to photo-
Sun et al., 2012; Song et al., 2013), marine units show resynthetic assimilation of seawater nitrate & 0 %o) (Bran-
markably little change i82°N across the PTB: Lower Tri- des and Devol, 2002; Gruber, 2008; Granger et al., 2010), but
assic unit means range from0.4 %o to +5.3%0, and the  uptake of ammonium is accompanied by a significant nega-
magnitude of the PTB shift at individual locales varies from tive fractionation (Hoch et al., 1994; Waser et al., 1998), and
—2.8%o to +0.4%0 with an average 0f0.9%.. Negative @ recent study lends support to the hypothesis that recycled
815Ngeq shifts at the PTB have been attributed to enhancec@mmonium was a major source of fixed N for eukaryotic al-
N fixation rates (Luo et al., 2011). However, these shifts aregae during some OAEs (Higgins et al., 2012). We modeled
consistent with our hypothesis of lowered seawéteNnos- the effects of variable photosynthetic fractionation with
values asa consequence of enhanced rates of sedimentafglues of—4%o. and—8 %o, which yield515NNo§ equal to
(relative to water-column) denitrification during greenhouse +4.9 %. whenFpy is 0.48 and 0.72, respectively (points 4
climate intervals such as that of the Early Triassic (Romanocand 5, Fig. 8b). Thesépyw values are improbably large for
etal., 2012; Sun et al., 2012). the modern (icehouse) marine N cycle, but nonzero values of

Pacific

Cenomanian-
Turonian
boundary

(94 Ma)

Indian  ©-2.6%g

Fig. 6. Averages1®Ngeqfor Cenomanian—Turonian boundary units.
Note the limited range af1®Nggqvalues (2.9 %o to —1.2 %o) for

sites ranging from high northern to high southern paleolatitudes,
implying a relatively uniform contemporaneous seaw@&éNNog

composition. Data sources in Table 1.
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“ ‘ — systems with mixed utilization of recycled ammonium and
¢ 3\ cyanobacterially fixed N (Higgins et al., 2012). Note that, at
low Fpw, variation inepw has little effect ortSlSNNog. In
summary, the most likely scenario to account for long-term
secular shifts inS15NNo§ (Fig. 1) within existing N-budget
and N-isotopic constraints is for (1hpw to vary between
~0.2 and 0.5 (permissive ebw values betweer-15 and

PN / ;’; / ki —20 %o ) withep = 0 %0 during icehouse climate modes, and
sy o) Neotethys ] (2) Fpw to decrease to-0.1-0.2 witha shift inep to ca.

TPermian- e +2.1%s —4 %o during greenhouse climate modes.

Triassic \ \ /W

boundar 0 L. . .
| (252 Ma) S 4.6 Controls on long-term variation in the marine
& / nitrogen cycle

Fig. 7. Averages®Ngeq for Upper Permian (left) and Lower Tri-  Although enhanced water-column denitrification has been in-
assic (right) units. Upper Permiat°Nseq varies from low values  ferred during the warm climate intervals that produced OAEs
in the central Panthalassic Oceap0(3 %o) to intermediate values (Rau et al., 1987; Jenkyns et al., 2001; Junium and Arthur,
in the Tethyan region and high values on the northwestern Pangeagoon, strong15N depletion of contemporaneous sediments
margin €-4.9 %), probably owing to higher rates of water-column is inconsistent with globally elevated water-column denitri-

denitrification in the latter regions. Note that all Permo-Triassic,. _.. .
15 : . . fication rates. Our inference of reduced water-column den-
8+°NgeqVvalues globally are intermediate relative to the low values

characteristic of the Cenomanian—Turonian boundary or the higlﬂftr”c'c"”‘tlon during greenhouse climate modes (Fig. 9a) con-

values characteristic of the Carboniferous (Fig. 1). Site-specifictradicts the existing paradigm linking OAEs to high water-
changes is1°Ngeqacross the PTB range from2.8 %o to+0.4 %o column denitrification rates (Rau et al., 1987; Jenkyns et

with an average 0f-0.9 %o, which is consistent with our hypothesis al., 2001; Junium and Arthur, 2007). A reconciliation of
of intensified sedimentary denitrification during greenhouse climatethese views is possible if rates were high regionally in semi-
intervals such as the Early Triassic. Data sources in Table 1 with adrestricted marine basins such as the proto-South Atlantic but
ditional data from S. Schoepfer and T. Algeo (unpubl. data). reduced on a globally integrated basis. Our results are also at
odds with the observation that modern upwelling zones ex-
_ _ _ hibit peaks1®Nseq values in conjunction with deglaciations
ep may have been important during greenhouse intervals (Segyiher than glacial maxima (Frangois et al., 1992; Altabet
below). 5 , et al., 1995; Ganeshram et al., 1995). While the latter rela-
The variations in seawatét*Nyo- between icehouse and  ionship is valid at intermediate timescales, our results indi-
greenhouse climate modes observed in our long-6Pseq cate thatFpw is higher on a time-averaged basis (i.e., in-
record (Fig. 1) are an indication of major secular changesegrating glacial-interglacial variation) for icehouse modes
in the marine N cycle. In our baseline scenario, the peakhan for greenhouse modes. This inference is supported by
icehouserSl5NNOg of ~+8 %o yields Fpw of ~0.45 (point  a study of Plio-Pleistocene sediments in the eastern tropical
6, Fig. 8b), indicating an increase in water-column denitri- Pacific, in which§**Nseqrose by~ 2 % following a cooling
fication relative to the modern ocean. Although the sameevent at 2.1 Ma (Liu et al., 2008), consistent with an increase
515NNO, can be achieved withpw of —15 %0 and—10 %o, in time-averaged water-column denitrification rates. We in-
the resaijltingFDW values (0.62 and 0.98; points 7 and 8, fer that transient, albeit repeated, shifts in favor of water-
Fig. 8b) are improbably large. Lack of evidence for ammo- column denitrification (i.e., highefpw) during the inter-
nium recycling during icehouse modes makes nonzero 9lacial stages of icehouse climate intervals have resulted ina
values unlikely, which in any case would yield equally im- Sustained (i.e., multimillion-year) shift toward higher seawa-
probable values ofpy. The minimum greenhousd®N, - tr8"°Nyo_ that has been captured by the long-te?Nseq
of ~—3% cannot be achieved in our baseline scenario€cord (Fig. 1). Suchalong-term climate-related shift in sea-
even whenFpy is reduced to O (point 9, Fig. 8b). How- Waters*®Nyq- can occur if the positive shift associated with
ever, evidence for strong ammonium recycling in greenhouséach glacial epoch is larger than the negative shift associated
oceans (Higgins et al., 2012) indicates thamay have been  With each interglacial epoch, resulting in progressively more
nonzero at those times. Decreasiigto —4 %o and —8 %o 15N-enriched compositions for icehouse intervals relative to
yields Fpw of 0.10 and 0.33 (points 10 and 11, Fig. 8b), the greenhouse intervals.
former representing a large decreaseFiiyy relative to the Several mechanisms might potentially link variations in
modern ocean. Sinag of —8 %o represents an absolute min- seawate615NNO§ to long-term climate cycles. Sea-level el-
imum (i.e., recycling of nearly all seawater N as ammonium), evation is known to influence the locus of denitrification
ep = —4 %o is a more reasonable estimate for anoxic marinein marine systems (Deutsch et al., 2004). High sea-level

Panthalassa

+3.5/+3.0% b ¥ . e +3.0/40.2%o
- +3.6/+0.8%0

\
_+0.3/-0.4%0 0
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Fig. 8. 815N distributions and modeling constraintg) Frequency distributions for unit-mediah®Ngeqvalues (red) and LOWESS curve
values (blue). Note that both distributions exhibit bimodal character, with modes-& to +2 %. and~ +4 to +8 %. representative of
greenhouse and icehouse climate modes, respectfisgReservoir box model estimateséﬂﬁNNog as a function of the fraction of water-
column denitrification £pw). The dashed diagonal lines represent variable fractionation during water-column denitrifiegtiondnd the

solid diagonal lines variable fractionation during photosynthetic uptake of seawater fixgg.N\C6lored fields show the isotopic range of
marine815Nsedduring greenhouse (green) and icehouse (blue) climate modes as well as modern s?ééwmg,r (gray) (Sigman et al.,
2000). Arrows at bottom showpyy of 0.27 (this study), 0.29 (DeVries et al., 2012), and 0.36 (Eugster and 3Gruber, 2012). The red curve
represents our “most likely scenario” of concurrent changdgiy andep as a function of greenhouse-icehouse climate shifts. See text for
discussion of numbered points.

elevations during greenhouse climate modes favor sedialthough the relationship is not as strong as for eustasy due
mentary denitrification owing to greater burial of organic to several factors: (1) greater vintage of the flooding records,
matter on continental shelves (Fig. 9a), whereas low seaf2) provinciality of the Sloss (1963) record (which repre-
level elevations during icehouse climate modes favor watersents only North America), and (3) low resolution of the
column denitrification through elevated organic carbon sink-Ronov (1984) record (which provides only 2—-3 area esti-
ing fluxes to the thermocline and expansion of oceanicmates for most geologic periods).

oxygen-minimum zones (Fig. 9b). A first-order sea-level A second potential mechanism linking long-term varia-
control on the marine N cycle is consistent with exist- tion in the marine N cycle to first-order Phanerozoic cli-
ing records of Phanerozoic eustasy and continental floodmate cycles may be through tectonic controls. In this sce-
ing (Fig. 10). Eustasy shows a strong relationship to first-nario, changes in oceanic gateways and circulation patterns
order climate modes, with long-term rises or highstands dur-can alter the locus of denitrification through changes in up-
ing greenhouse intervals and long-term falls or lowstandswelling intensity or thermocline ventilation. In our long-term
during icehouse intervalsi'®Nseq exhibits a distinct pat-  §1°Ngeq record, the mid-Early Mississippian and mid-Late
tern of negative covariation with eustatic elevation for the Cretaceous feature as intervals of potentially rapid changes
Phanerozoic as a whole3=0.18; Fig. 11). This rela- in seawate615NNog (Fig. 1). Both of these N-isotopic shifts
tionship is even stronger for Cretaceous—Recent units alongccur in the “transitional interval” between greenhouse and
(r?=0.37), probably because both th&Nseqand eustatic  jcehouse climate modes and, thus, tens of millions of years
records are more securely defined for this interval than forin advance of peak glaciation and eustatic lowstand. On
the pre-Cretaceous’®Nseq also exhibits negative covaria- the other hand, these N-isotopic shifts coincided with major
tion with long-term continental flooding records (Fig. 10), tectonic events that are likely to have altered global-ocean
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enhanced from Fig. 1. (b) Eustatic data from Hag and Al-Qahtani (2005)
water-column and Haqg and Schutter (2008) as given in Snedden and Liu (2010).

denitrification

(c) Continental flooding data from Sloss (1963) and Ronov (1984)
as given in Miller et al. (2005). Phanerozoic climate modes at top
are from Fig. 1; all ages have been adjusted to the Gradstein et
al. (2012) timescale. Ee transitional interval.

vigorous U
thermohaline

circulation

oxic deep waters
Icehouse climate mode

Fig. 9. Model for eustatic control of Iong-tt_arml5Nsedvari§tion. ;n atmosphericpCO, linked to mantle degassing, rates of
@ G_reenhouse_ qllmate moc_:le. High eustatic Ievc_als resultin On'ShGIUpIift and continental weathering, and changes in marine or-
marine productivity and delivery of fluvial organic matter (OM) to . . . L .
shelf environments. Large quantities of OM are trapped in shelf segdanic carbon burial rates asa function of _oceanlc_cwculatlon
iments, enhancing sedimentary denitrificatifg).lcehouse climate and seawater redox conditions (Mackenzie and Pigott, 1981;
mode. Low eustatic levels result in open-ocean productivity and deRaymo and Ruddiman, 1991; Falkowski et al., 2000; Zachos
livery of fluvial OM to shelf margins. The sinking flux of OM to  etal., 2001; Berner, 2006a). The marine N cycle is intimately
the thermocline is elevated, leading to expansion of the oxygenconnected to burial of marine organic carbon (Gruber, 2004;
minimum zone (OMZ) and enhanced water-column denitrification. Galloway et al., 2004), but whether it is a passive responder
to changes in carbon fluxes (as generally assumed) or an ac-
tive control on such changes is uncertain. One mechanism
circulation patterns. The Early Mississippian was a time ofpy which the N cycle might be a driver is through switches
closure of an equatorial seaway in the Rheic Ocean regionpetween equatorial and polar sites of deepwater formation
which probably led toa change from circum-equatorial to (Barrera et al., 1997; Frank and Arthur, 1999), with atten-
meridional ocean circulation (Saltzman, 2003). The Latedant effects on sites of deepwater nutrient upwelling. Even
Cretaceous coincided with Widening of the central and SOUthf the marine N Cyc|e isa passive responder to Carbon-cyde
Atlantic basins anda translocation of deepwater formationforcings, it may play an important role as an amplifier of
into the North Atlantic region (MacLeod and Huber, 1996; climate Change. For examp|e’ enhancq@'\production in
Barrera et al., 1997; Frank and Arthur, 1999). These examiow-oxygen regions of the ocean during extended intervals
ples show that the marine N cycle is intimately linked to of climatic warming might serve as a positive climate feed-
first-order tectonic and climatic cycles, although further in- hack (Naqyi et al., 1998; Bakker et al., 2013) that promotes a
vestigation will be needed to determine the exact nature ohimodality of long-term climate conditions (i.e., greenhouse
these connections. versus icehouse modes; Fig. 1).
The hypothesis that the marine N cycle has been a driver
of long-term climate change is speculative but cannot be
dismissed entirely. The critical issue is the nature of links
between plate tectonics and global climate. Past work has fo-
cused largely on the role of the carbon cycle, i.e., changes
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250 study shows that globally integrated water-column denitri-
fication rates must have been lower during greenhouse inter-

200 vals (when OAEs developed) relative to icehouse intervals.

Supplementary material related to this article is
available online athttp://www.biogeosciences.net/11/
1273/2014/bg-11-1273-2014-supplement.zip
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Appendix A Table C1.Flux constantsk;) for reservoir model fluxes.

Stable isotopic analyses FLUX  k;

JvoL 5.63E-04
fRIV 3.13E-04
/ot 6.25E-04

For most analyses original to this study, C and N elemental
and stable isotopic compositions were determined at the Uni-

versity of Texas at Arlington Stable Isotope Laboratory us- fow*  7.48E-05
. : DW :
ing a Costech 5010 elemental analyzer coupled viaa Conflo- fos 2 00E-04
Il device toa ThermoFinnigan Delta PlusXP isotope-ratio fw 3.57E-08
mass spectrometer. Analytical precision was 0.08 % for %N, frix—t  3.08E-08
0.07 % for %C, 0.05 %o fo81°N, and 0.09 %o fos13C of the foep  6.41E-09
laboratory standards. All isotopic results are reported relative frIx 5.00E-08
to air (31°N) and V-PDB §13C). A subset of samples used in fsur  3.13E-05
this study was analyzed in the stable isotope laboratory at the All values as fraction of
University of Arizona. reservoir massy; includes
SANX -
Appendix B

Calculation of LOWESS trend )
Appendix C

Long-term secular variation in out!®Ngeq data set was
modeled usinga LOWESS (LOcally WEighted Scatterplot Marine nitrogen cycle modeling
Smoothing) procedure, which determines a best-fit trend for
irregularly distributed time series data using an inverse-

. . ey . 5
distance-squared weight function (Cleveland et al., 1992).T€ N-isotopic composition of seawater nitratéNyo: )

The LOWESS curve of Fig. 1a was calculated as can be approximated froma steady-state isotope mass bal-
ance that assumes N fixatiorfr(x) as the primary source
SN, = % (1/ (1_|_ ((t — ti)/k)z) % 815Ni)/ (B1) and sedimentaryfps) and water-column fpw) denitrifica-
tion as the two largest sinks for seawater fixed N (Brandes
) (1/ (14_(([ —ti)/k)2)>, and Devol, 2002; Deutsch et al., 2004; Gruber, 2008). We

developed two reservoir box models of the marine N cy-
cle: (1) a fully integrated version that incorporates all signif-
t, $15N; and; are the N-isotopic composition and age of ice}nt N reservoirs anq ﬂu>§e_s in thel Earth’s_exogenic system
study uniti, and the summation was performed foe 1 (Fig. Qla), and (2) a3|mpl|f|ed version thajuncludes'only the
to 153 (i.e., the fulls15Nseq data set). The parameterde- most important source (i.e., cyanobacterial N flx_at_lc_m) _and
termines the temporal range (or window) of the inverse-Sink fluxes (sgdlmentc_ary and water-column demtnﬂcgﬂpn)
distance-squared weight function. Larger values afe ap- for seawatelrsmtrate (Fig. Clb): The two models ylgld similar
propriate for intervals of lower data density and will pro- results foré™Nyq_ under a wide range of conditions (see
duce a smoother LOWESS curve. We variettom 10 Myr below), indicating that the simplified model provides a rea-
at 660 to 2 Myr at 0 Ma to match temporal variation in data Sonably robust representation of the major influences on the
density. The standard deviation rangedbiN ata giventime ~ N-isotopic composition of seawater nitrate. Because the fully
¢ was calculated as the mean plus or minus the standard dddtegrated model will be developed further ina later study,

where §1°N, is the estimated meah'°N at a given time

viation (o), with the latter determined as our focus here is on the results of the simplified model.
In both models, all fluxes are first-order functions of
o (515N,) = (2 ((5151\7, —815N;)2 x (1/(L+ (1 — 11)/M)D) (B2  Source reservoir mass:

%)/ (L A+t —1)/0)?))*°

whereé is the fractional standard deviation range of interest
(i.e., 0.68 for+1c, 0.95 for+20). This range is shown as fi =ki X Mx(1), (C1)
the shaded field bracketing the LOWESS curve in Fig. 1a.

where f; is the flux of interestk; its flux constant (Ta-
ble C1), andM, the mass of source reservairat a given
time ¢. Temporal changes in reservoir mass frono r + 1
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a Atmosphere 315Ny, = 0 %o
fF\X-T = f\/oL = fDT = fFIX = fDEP = fDW = fDS = fANX =
 / 120 Gta™! A 45Gta’ A 50 Gta™ 205 Gta™ 15Gta’ A 60 Gta’ A160 Gta' A ?Gta”
ERx-T= EvoL = €pr = €Fix = Epep = Epw = €ps = Eanx =
-2%o -5%o -10%o -2%o -4%o -20%o -2%o -20%o (?)
Terrestrial fw- | Marine € = 0% (NOT) o
4 -4 10 -8%0 (NH,}) w =
25Gta AZSGta‘
> NOs
8""Norg = +34 % Ery- Seawater &' *Nyor c Norg Ey -
0%o0
+3%o = 9
+4.9 %o € = 0%o
four = Epur =
25Gta" 0%o
Sediment §9Ngeq = +2.0 %o
b | Atmosphere 315Ny, = 0 %o
feix = fow = fos =
-1 -1 Kl
 / 205Gta A 60 Gta AMSOGta
EFix = Epw = €ps=
-2%o -20%o -2%o
Marine €p = 0% (NO3)
-4 t0 -8%o (NH,*)
NOT
Seawater 615NN03- o
= +4.9 %o €re = 0%o

Fig. C1. Marine nitrogen cycle model¢a) Fully integrated marine—terrestrial-atmosphere N cyd® Simplified N cycle model, which

is limited to the most important source flux (cyanobacterial N fixation) and sink fluxes (sedimentary and water-column denitrification) of
seawater fixed N. Fluxesf§ and fractionation factorg| are shown for cyanobacterial fixation (FIX), soil volatilization (VOL), terrestrial
denitrification (DT), riverine transport (RIV), atmospheric deposition (DEP), water-column denitrification (DW), sedimentary denitrification
(DS), the anammox process (ANX), organic burial (BUR), sedimentary ammonification (AMM), and weathering (W). Sources of model
parameters and discussion of model output are given in the text.

were calculated as follows. restrial nitrogen fixation (FIX-T), volatilization of soil nitro-

i+1 gen (VOL), terrestrial soil denitrification (DT), riverine flux
M,t+1) =M, (t)+ [ (C2)  offixed N (RIV), oceanic nitrogen fixation (FIX), deposition
! of atmospheric nitrogen in ocean (DEP), water-column deni-
(fvoL + for + fow + fos+ fanx trification (DW), sedimentary denitrification (DS), anammox
+fw — frix-T — foEP — fFix) loss of fixed N (ANX), burial of organic nitrogen (BUR),
t+1 and weathering (W) (Fig. C1a). The simplified version of the
M (14 1) = M, (1) + { (C3)  model is limited to the fluxes FIX, DW, and DS (Fig. C1b).
Changes in the N-isotopic composition of a given reservoir
(fFx-1 = fvoL — for _1 Triv) x(8,) from¢ tor + 1 were calculated as
+
M,(t+1)=M,(t)+ { (C4) Se(t+1) = My(t) X 8 () + 21'121< ;+lfi X (8y +8i)>)/ (6)
(friv + foep+ frix — fow — fos — fanx — fBUR) ’ (Mx(f) + 21‘121( §+1fi))
t+1 . . . . . .
M,(t+1) = M(t) + { (fBUR — fw) (C5)  whereg; is the fractionation associated with flixThe equa-

tion above is an expression of isotopic mass balance, where
Equations (C2-C5) integrate source and sink fluxes over ahe summationX; =1 to 10) for each reservoir was lim-
specified time rangeto ¢ +1 for the following processes: ter- ited to those fluxesf;) appearing in Egs. (C2—-C5).
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+10 = Simplified marine N-cycle model Fow /o +ns) (Gruber and Sarmiento, 1997; Galloway et al., 2004), 120—-
- Fully ntegrated N-cycle mode 05 240 Tgal (DeVries et al., 2013), 23® 60 Tga* (DeVries
+8 et al., 2012), 230-285Tga (Middelburg et al., 1996),
0.4 240 Tga! (Gruber and Galloway, 2008), and400 Tga®
~ +6 (Codispoti, 2007). The relative importance of sedimentary
s 03 versus water-column denitrification was not well known in
s 4 0 the past (Gruber and Sarmiento, 1997), but recent marine N
= ‘ budgets have provided independent estimates of each flux.
= o1 Estimates forfpw include 52+ 13 Tga® (Eugster and Gru-
ber, 2012) and 666 Tga* (DeVries et al., 2012), while
o] —— 0 estimates forfps range from 93t 25 T_g al (Eugster and
Response times Gruber, 2012) to 16460 Tga ! (DeVries et al., 2012) and
> 300 Tgal (Codispoti, 2007).
2 ; 5 0 s 20 The 815N of seawater nitrate in the deep ocean (i.e., the
Time (kyr) largest reservoir of fixed N) ig-4.8 to+5.0 %0 (Sigman et

al., 2000). Thes®N of present-day atmospheric,Ns 0 %o
Fig. C2. Comparison of output of fully integrated and simplified N (Mariotti, 1984), a value inferred to have been nearly invari-
cycle models. At < 0, the model is at equilibrium and represents ant through time (Berner, 2006b). The fractionation associ-
our “bi‘gglg‘e;_fce”a”o -ﬂ:';(y: 220Tga 2’Cyf bw =60 T%{y » ated with cyanobacterial N fixation of atmospherig (8ix )
,{ Ei 0% ang ! FD’WEE% 2 V\;EECED;; ds a°°s’e2'3v";t;'15N *  isestimated to be-1to—3 % (Macko et al., 1987; Carpenter

' Y - - ) N03' . etal, 1997). Fractionation during water-column denitrifica-
value of+4.9 %o (i.e., equivalent tq modern seawater n_|trate, Sig- tion (epw) has a maximum value of —27(+ 3) %o (Gruber
(r)nan etal, 200.0)‘ AL=0, Chaqges I to values ranging from and Sarmiento, 1997; Barford et al., 1999; Voss et al., 2001,

to 0.5 result in evolution 0§*>N\ - ata rate reflecting the re- . . .

) ! Murray et al., 2005), although the effective fractionation may
sponse time of the.SySte.m (which 'S_ closely related t(?ﬂ&kyr ._be closer to—-20 %o (Brandes and Devol, 2002). Recent cul-
residence time of nitrate in seawater; Tyrrell, 1999). Differences in . . . . .
515N, - between the fully integrated model (blue curves) and sim- ture studies have suggested thgt this fractionation m|g_ht even

3 o be as low as-10 to —15 %o (Kritee et al., 2012), an idea
plified model (red curves) are generaky0.4 %o, indicating that the . ) . . .
output of the simplified model is robust. that we gxplore in our modellng S|mglat|ons. We did not pa-
rameterize the anammox reaction (Sigman et al., 2003) sepa-
rately owing to significant uncertainties concerning the scale
of this process and any associated fractionation. While this
We parameterized the model based on the modern mareaction is a major sink for seawater fixed N, possibly larger
rine N budget. The total mass of seawater nitrate isthan water-column denitrification in some oceanic regions
~8.0x 10°Tg N (Brandes and Devol, 2002). Whether the (Mulder et al., 1995; Kuypers et al., 2005), it is thought that
present-day marine N cycle is in balance is a matter of debatéield-based estimates of fractionation due to water-column
(Codispoti, 1995; Brandes and Devol, 2002). Recent studieslenitrification have incorporated any effects related to anam-
have documented strong spatial coupling of cyanobacteriaimox (Thamdrup et al., 2006). Denitrification in suboxic ma-
N fixation and water-column denitrification in the modern rine sedimentseps) typically yieldsa small net fractiona-
ocean (Galbraith et al., 2004; Deutsch et al., 2007; Knappgion (~ —1 to —3 %0) owing to near-quantitative utilization
et al., 2008), implying that short-term losses of fixed N are of porewater nitrate (Lehmann et al., 2004; Galbraith et al.,
locally compensated. At longer timescales, losses of fixed2008). However, this fractionation can range frend %o in
N to denitrification must be balanced by new N fixation in organic-rich, reactive sediments to as high-&sto —7 %o in
order to maintaina N:P ratio in global seawater close toorganic-lean, unreactive sediments (Lehmann et al., 2007).
that of marine phytoplankton (16l) (Tyrrell, 1999). Esti-  An estimate 0of~0.8 %o for the global mean fractionation due
mates of the fluxes associated with cyanobacterial N fix-to sedimentary denitrification (Kuypers et al., 2005) does not
ation (frix), sedimentary denitrificationfps), and water-  take into account effects associated with the upward diffusive
column denitrification fpw) vary widely in older litera-  flux of 1°N-enriched ammonium in reactive sediments (Hig-
ture, although recent analyses of large data sets are begimins et al., 2012). The fractionation associated with assimila-
ning to converge ona consensus range of values (DeVrietion of seawater fixed N by eukaryotic marine alga)(can
et al., 2012, 2013; Eugster and Gruber, 2012; Akapf et be as large as 5 to —8 %o for nitrate (Lehmann et al., 2007)
al., 2012). Estimates ofgx include 120-140 Tga (Gru- but is more typically—1 to —3 %0 (Macko et al., 1987; Car-
ber and Sarmiento, 1997; Galloway et al., 2004; Gruberpenter et al., 1997). We assumed a net fractionation of 0 %o
and Galloway, 2008), 131-134 Tgh(Eugster and Gruber, based on complete photosynthetic utilization of seawater ni-
2012), and 1728Tga ! (Grogkopf et al., 2012). Total trate at longer timescales. The fractionation associated with
oceanic denitrification has been estimated at 145-185¥ga ammonium uptake by marine algae-i40(+ 5) %o (Brandes
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and Devol, 2002), and this process is more likely to yielda Differences in 815NN07 between the two models are
net fractionation owing to incomplete utilization of recycled < 0.4 %, for the range ofpw (~0.1-0.5) that is most likely
ammonium in anoxic marine systems (Higgins et al., 2012). to characterize natural systems (Fig. C2). This outcome re-
The fully integrated and simplified marine N-cycle mod- flects the fact that the secondary fluxes present in the fully in-
els exhibit similar results forseawaté‘PNNog underawide  tegrated model (e.g., atmospheric deposition, riverine trans-
range of conditions. The models were tuned to yield identi-port, and burial; Fig. C1a) are generally either small in mag-
cal Fpw of 0.27 for the baseline scenario, in which seawaternitude or associated with limited fractionations. Thus, the
81Ny o= is equal to+4.9 %. (Fig. C2). VaryingFpw from 0 simplified model (Fig. C1b) providesa reasonably robust
t0 0.5 ySieIds a slightly smaller range &SNNog values for  representation of the major influences on the N-isotopic com-

the fully integrated model (from-0.53 %o t0+-8.60 %o0) than position of seawater nitrate.
for the simplified model (from#0 %o to +9.0 %o), indicat-

ing that inclusion of secondary fluxes in the fully integrated

model has a modest stabilizing effect on the isotopic compo-

sition of seawater nitrate.
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