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Microbial nitrogen cycle enhanced by continental input 
recorded in the Gunflint Formation

A. Ishida1†*, K. Hashizume2‡, T. Kakegawa1

Abstract doi: 10.7185/geochemlet.1729

Nitrogen isotope compositions (δ15N values) of kerogen in the sedimentary rocks 
from the 1878 Ma Gunflint Formation were analysed to understand the relation-
ships among microbial activities, ocean chemistry, and tectonic evolution in the 
Animikie Basin. In the present study, the stepwise combustion analysis, performed 
on 13 kerogen samples, indicates that the δ15N values of kerogen can be sub-di-
vided into two fractions with discrete values depending on the combustion 
temperatures: a lower-temperature fraction (from 500 to 575 ˚C), and a high-
er-temperature fraction (higher than 575 ˚C). A positive correlation was observed 
between the δ15N values of the lower-temperature fractions and Pr/Sm ratios, 
which represent contributions from the continental input. In contrast, no corre-
lation was observed between the δ15N values of the higher-temperature fractions 

and the Pr/Sm ratios. This relationship between the δ15N values and the continental inputs is explained by the isotopic 
fractionation effects of the biological nitrogen cycle associated with the enhanced microbial activity, triggered by the active 
tectonic settings in the Animikie basin.
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Introduction

The nitrogen isotope compositions (δ15N values) of organic 
matter (OM) found in ancient sedimentary rocks are used as 
proxies for reconstructing the microbial nitrogen cycle and 
the palaeo-oceanic environment (e.g., Beaumont and Robert, 
1999, Shen et al., 2006; Ader et al., 2016; Stüeken et al., 2016). 
OM in sedimentary rock is considered to be a complex mixture 
of several organisms, however, they are poorly understood. 
In the stepwise combustion method, components hosted by 
different carriers, which are intimately mixed in a sample 
and cannot be separated by other physical methods, can be 
resolved based on the combustion temperature. A preliminary 
study was performed using kerogen samples extracted from 
two rock samples from the Gunflint Formation, indicating 
temperature-dependent δ15N heterogeneities within each 
kerogen sample (Ishida et al., 2012). In this study, we further 
examined 11 samples in search of internal δ15N heterogeneities 
in the Gunflint kerogen.

The Gunflint Formation, belonging to the Animikie 
Group, is located on the northwestern shore of Lake Superior, 
Ontario, Canada (Goodwin, 1956). The age of the Gunflint 
Formation is estimated as 1878 ± 1.3 Ma by U-Pb dating (Fralick 
et al., 2002). An evolution model for the Animikie Basin has 
been proposed by, e.g., Schulz and Cannon (2007). The tectonic 
evolution in this region leads to transition from foreland-type 
volcanism to the back-arc type volcanism, resulting in active 

supply of detrital material from the continent. In the present 
study, samples were collected covering the variation represen-
tative of shallow to deep lithology. Lithology and whole rock 
major and trace element geochemistry, which were consis-
tent with previous studies, are summarised in Supplementary 
Information.

Stepwise Nitrogen Analysis of Kerogen

The stepwise combustion method discriminates organic 
nitrogen fractions with different chemical natures. The 
analytical protocols and performances are described in Ishida 
et al. (2012), and references therein. Kerogen samples were 
combusted in an oxygen atmosphere with temperatures from 
450 ºC to 1100 ºC. No isotope measurement was performed 
at 450 ºC, where surficial contamination, such as adsorbed 
nitrogen and/or ammonium ions, dominates. Empirically two 
distinct nitrogen isotope plateaus appear in kerogen analyses: 
one appears at temperatures between 475 ºC and 575 ºC (lower 
temperature fraction: LT-fraction), and the other appears at 
temperatures more than 575 ºC (higher temperature fraction: 
HT-fraction) (Ishida et al., 2012). Between 475 ºC and 575 ºC, 
combustion temperatures were increased in 25 ºC steps to 
precisely resolve LT- and HT-fractions. Beyond this tempera-
ture range, one batch of combustion was performed at 1100 ºC 
for analyses of the HT-fraction. Besides the stepwise combus-
tion, δ15N values of bulk kerogen were also determined.
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Nitrogen Isotope Heterogeneity in 
Gunflint Kerogen

The δ15N values of the bulk kerogen samples, ranging between 
+2.9 and +8.0 ‰, are consistent with previous reports (e.g., 
Beaumont and Robert, 1999; Godfrey et al., 2013). The isotope 
shift by metamorphism can induce preferential release of 
14N from the OM. However, the low metamorphic grade of 
the Gunflint Formation (below greenschist facies) cannot be 
responsible for a significant fractionation, up to 5 ‰ (e.g., 
Haendal et al., 1986, Ader et al., 2016). The lack of system-
atic correlation between δ15N values and C/N ratios among 
kerogen samples expected by the metamorphism (e.g., Haendal 
et al., 1986) supports the above argument (Fig. S-3).

The modern marine biosphere involves a nitrogen 
biological cycle that consists mainly of fixation (N2→NH4

+), 
nitrification (NH4

+→NO2
-→NO3

-), and denitrification (NO3
-, 

NO2
-→N2). When biological N2 fixation is dominant, the δ15N 

values of OM tend to be close to the atmospheric value (0 ‰), 
because of minimal isotopic fractionation expected in fixation. 
However, when nitrification and denitrification are coupled 
with fixation, the δ15N value of OM may grow to positive 
values. This isotopic shift is considered as evidence of isotopic 
fractionation driven by biological nitrification and denitrifica-
tion (e.g., Shen et al., 2006; Brandes et al., 2007; Sigman et al., 
2009; Hashizume et al., 2016). The δ15N values of OM can vary 
depending on the balance between the rate of N2 fixation and 
the rates of nitrification/denitrification (e.g., Lehmann, et al., 
2002, Pinti and Hashizume, 2011). For example, Papineau et al. 
(2013) reported that the δ15N values of OM in Palaeoprotero-
zoic Indian sedimentary formations were approximately 0 ‰. 

These values were interpreted to be the result of a system 
dominated by N2 fixation associated with cyanobacterial 
blooms. In contrast, our data show much more positive δ15N 
values for the bulk kerogen samples, reaching values as high 
as +8 ‰. Such positive values suggest that nitrite and nitrate 
were available in the Gunflint ocean. Kerogen from Palaeo-
proterozoic samples, except for phosphatic shales, also exhibit 
positive values, up to +12 ‰ (e.g., Beaumont and Robert, 1999; 
Papineau et al., 2009, Godfrey et al., 2013, Stüeken et al., 2016). 
To operate such a biological nitrogen cycle, oxygenated surface 
water is required at this time.

Stepwise combustion analyses of δ15N were performed 
on kerogen samples mainly from the Current River section (see 
Supplementary Information and Table S-2). In this section, the 
lithology changed from shale (#0714, #0715) to carbonate-sand 
zone (#0711 to #0703) to arkosic sandstone (#0701, #0702). 
Such lithological changes represent a local marine regression. 
Figure 1 shows the results of the stepwise combustion analyses 
performed on 13 kerogen samples in our study. The average 
δ15N values of the LT-fractions and the HT-fractions (δ15NLT 
and δ15NHT, respectively) were calculated using the δ15N values 
and the released amounts for the relevant temperature steps. 
Some samples exhibited higher δ15NHT than δ15NLT, while 
other samples exhibited the opposite trend. The ranges of the 
δ15N values for both fractions are similar to the overall range 
of bulk kerogen δ15N values. In most samples, the HT-fractions 
have lower amounts of nitrogen than those of the LT-fractions. 
The differences in the combustion temperature possibly corre-
spond to differences in the carbon structure for fractions of 
kerogen that co-exist in OM (Ishida et al., 2012).

Figure 1  Results of the stepwise combustion analyses of 13 kerogen samples from the Gunflint Formation (samples #0704 and #0708 
are cited from Ishida et al., 2012). Nitrogen concentrations (white bars) and δ15N values (black squares) are shown. The average δ15N 
values and errors of both the lower-temperature and the higher-temperature fractions are shown as light green and dark green bars, 
respectively. Original data are summarised in Table S-2.
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Table 1  Summary of light and trace element concentrations and the isotope compositions of bulk rock and kerogen samples.

section sample 
ID litho facies

bulk rock kerogen

Total 
C TOC Ccarb Spyr Pr/Sm Eu/Eu* C N H S C/N δ13C δ34S  

(pyr) δ15N ±

wt. % (PAAS 
normalised)1 wt. % atom ‰

Pass 
Lake 
Road

0716 Chert 0.1 0.0 0.1 0.0 1.22 0.87 n.a. n.a. n.a. n.a. - n.a. n.a. n.a. n.a.

0718 Carbonate 6.6 0.0 6.6 0.0 0.61 2.22 n.a. n.a. n.a. n.a. - n.a. n.a. n.a. n.a.

0719 Silicified carbonate 3.1 0.0 3.1 0.0 0.66 2.24 n.a. n.a. n.a. n.a. - n.a. n.a. n.a. n.a.

0720 Silicified carbonate 3.7 0.1 3.6 0.0 0.67 2.18 n.a. n.a. n.a. n.a. - n.a. n.a. n.a. n.a.

0721 Taconite 3.0 0.2 2.9 0.6 0.82 1.78 16.8 0.2 0.3 32.6 109.6 -32.6 3.0 4.7 0.60 

0722 Chert (BIF) 0.2 0.0 0.2 0.0 0.88 1.73 n.a. n.a. n.a. n.a. - n.a. n.a. 6.8 1.00 

0723 Carbonate (BIF) 5.2 0.1 5.1 0.1 0.82 1.41 n.a. n.a. n.a. n.a. - -25.1 n.a. 5.4 0.40 

Blend 
River 
North

0301 Black shale 0.3 0.3 0.0 0.0 1.76 1.25 70.7 1.2 3.5 5.6 67.4 -31.6 2.1 2.9 0.70 

0302 Black shale 0.8 0.3 0.5 0.2 0.49 1.48 53.1 0.6 2.4 18.2 96.2 -31.6 4.7 n.a. n.a.

0303 Ferruginous shale 4.1 0.3 3.8 0.1 0.76 1.54 69.4 1.2 3.2 9.6 67.6 -31.3 7.1 n.a. n.a.

0304 Black shale 1.1 0.9 0.1 0.0 1.43 1.19 73.1 1.1 3.2 3.2 75.5 -32.1 8.6 5.9 0.70 

0305 Carbonate 9.1 0.8 8.3 0.4 0.69 1.59 49.8 0.9 2.0 18.8 64.7 -31.9 8.2 6.5 0.70 

0306 Ferruginous carbonate 10.4 0.3 10.2 0.1 0.78 1.32 60.5 1.1 2.9 13.3 63.9 -29.8 n.a. n.a. n.a.

0307 Silicified carbonate 5.0 0.1 4.9 0.0 0.78 1.54 n.a. n.a. n.a. n.a. - n.a. n.a. n.a. n.a.

0308 Carbonate/shale 4.0 0.0 3.9 0.0 0.83 1.18 44.1 0.0 0.0 15.2 - n.a. n.a. n.a. n.a.

0309 Ferruginous carbonate 9.9 0.2 9.7 0.0 0.83 1.27 76.0 1.4 3.5 5.7 65.6 n.a. n.a. n.a. n.a.

0310 Chert 3.2 0.1 3.1 0.0 0.83 1.29 n.a. n.a. n.a. n.a. - n.a. n.a. n.a. n.a.

0311 Chert 1.9 0.0 1.8 0.0 0.68 0.72 60.3 0.7 2.2 8.5 94.9 n.a. n.a. n.a. n.a.

Current 
River 0701 Carbonate-rich arkosic 

sandstone 4.7 0.5 4.2 0.0 0.86 1.28 67.3 0.9 2.2 5.6 91.2 -33.0 26.9 5.6 0.80 

0702 Arkosic sandstone 0.8 0.2 0.6 0.0 1.87 1.11 56.6 0.6 3.2 2.5 101.7 -32.2 8.3 6.7 0.70 

0703 Sandy carbonate 4.2 0.2 4.0 0.0 0.99 1.24 82.7 1.1 3.7 2.8 88.5 -32.3 10.9 7.1 0.50 

0704 Sandy carbonate 5.9 0.2 5.7 0.0 0.98 1.18 82.9 1.0 3.8 3.2 98.4 -32.5 11.2 4.9 1.00 

0705 Sandy carbonate 4.4 0.1 4.3 0.0 1.23 1.42 52.6 0.7 2.2 14.8 86.8 -31.6 9.7 6.0 0.70 

0706 Sandy carbonate 5.4 0.3 5.1 0.2 1.03 1.52 47.8 0.6 2.0 19.6 87.6 -32.6 15.1 6.9 0.60 

0707 Sandy carbonate 2.9 0.2 2.8 0.0 0.92 1.18 66.1 0.8 2.8 10.2 98.3 -31.9 5.8 5.9 0.80 

0708 Sandy carbonate 7.1 0.3 6.7 0.0 0.76 1.76 85.7 1.0 4.1 1.6 98.8 -32.9 16.0 6.9 0.50 

0709 Laminated carbonate 
with detrital quartz 1.8 0.2 1.6 0.1 1.03 1.31 59.9 0.8 2.5 14.2 86.7 -32.4 14.8 7.3 0.60 

0710 Laminated carbonate 
with detrital quartz 0.3 0.1 0.2 0.0 1.18 1.48 72.1 1.0 4.4 5.9 80.3 -32.0 - 3.2 0.60 

0711 Massive carbonate 9.0 0.1 8.9 0.1 0.93 1.63 54.3 0.8 2.9 14.6 80.9 -32.6 13.4 8.0 0.40 

0712 Laminated carbonate 
with detrital quartz 0.7 0.3 0.4 0.1 1.16 1.63 66.0 1.0 3.4 9.4 78.3 -32.5 11.3 7.2 0.30 

0713 Carbonate shale 
( phosphorous) 6.2 0.2 6.0 0.1 1.02 1.68 43.2 0.6 1.8 20.7 90.1 -32.4 9.2 6.4 0.60 

0714 Black shale 4.5 0.9 3.7 0.1 1.42 1.22 68.6 1.0 3.0 4.8 78.2 -33.6 9.3 4.8 0.90 

0715 Black shale 0.2 0.3 0.0 0.0 1.20 1.28 8.2 0.2 1.2 1.6 61.3 -32.2 11.5 5.9 0.70 

Telly 
Fox

0724 Carbonate 9.7 0.3 9.3 0.2 0.93 1.53 37.8 0.6 1.7 25.4 77.5 -31.4 -1.1 n.a. n.a.

0725 Silicified shale 0.2 0.2 0.0 0.4 0.63 1.23 n.a. n.a. n.a. n.a. - -31.5 20.7 5.5 0.70 

0726 Carbonate/shale 0.3 0.4 0.0 0.2 0.71 1.40 60.1 0.9 2.9 12.5 78.6 -31.6 10.8 4.5 0.30 

0729 Silicified carbonate 0.3 0.1 0.3 0.1 0.24 0.72 n.a. n.a. n.a. n.a. - -28.9 n.a. 4.3 0.30 

0730 Silicified carbonate 0.3 0.1 0.2 0.0 0.20 0.99 n.a. n.a. n.a. n.a. - n.a. n.a. n.a. n.a.

Kaka-
beka 
Fall

0601 Shale (BIF) 7.3 0.8 6.6 0.2 0.92 1.67 64.8 1.2 2.8 9.9 62.5 -31.3 5.9 6.3 0.80 

0602 Chert (BIF) 0.3 0.1 0.2 0.0 0.41 0.87 57.5 1.0 2.5 8.5 68.2 -29.7 n.a. n.a. n.a.

0603 Shale (BIF) 5.5 0.4 5.1 0.1 0.84 1.46 60.6 1.0 2.0 12.2 70.8 -30.9 6.1 n.a. n.a.

0604 Ferruginous chert 2.7 0.1 2.6 0.1 1.16 1.37 46.4 0.9 1.6 15.6 60.3 -27.8 n.a. n.a. n.a.

0605 Ferruginous chert 0.0 0.0 0.0 0.0 0.75 0.72 n.a. n.a. n.a. n.a. - n.a. n.a. n.a. n.a.

Analytical error of δ13C and δ34S are within 0.2 ‰. 
Underlined values: below instumental reproducibility (0.1 %). n.a.: not analysed because of low amount of organic matter.
1 Details are described in Tables S-1 and S-4.
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The nitrogen released in the HT-fraction possibly has 
stronger bonds with carbon in the form of graphitised kerogen, 
compared to the LT-fraction. Ishida et al. (2012) concluded that 
the HT-fraction might not be a metamorphosed portion of OM 
with the same origin as the LT-fraction, since the HT-fraction 
does not always show higher δ15N values than the LT-frac-
tion. Because the chemical structures of kerogen are known 
to be heterogeneous, some components of kerogen are easy to 
graphitise but the others are non-graphitised (e.g., Bustin et al., 
1995; Beyssac et al., 2002). We interpret the OM observed in 
the HT-fraction to represent the residue of graphitised parts of 
kerogen. Such graphitisation could be promoted by the heter-
otrophic microbial degradation during diagenesis. Thus, we 
interpret the nitrogen in the LT-fractions to represent more 
indigenous nitrogen isotope compositions in the ecosystem 
at that time.

A positive correlation was observed between the δ15NLT 
and the Pr/Sm ratios of bulk rock (Fig. 2a). The Pr/Sm ratios 
among our samples are interpreted to represent the contri-
bution of continental inputs to the ocean, supported by the 
negative correlation with Eu/Eu* (Bolhar et al., 2005) (Fig. 3a), 
and positive correlations with abundances of elements that 
represent detrital inputs (Fig. 3b,c). The δ15NHT showed a poor 
correlation with the Pr/Sm ratios (Fig. 2b). The variable δ15NLT 
values in a positive range and their correlation to the Pr/Sm 
ratios could be caused by intense nitrification/denitrification 
when the nutrient supply from the land enhanced.

Figure 2  Correlation diagrams between the Pr/Sm ratios and 
(a) the δ15NLT values and (b) the δ15NHT values, respectively. A 
positive correlation is observed between the Pr/Sm ratios and the 
δ15NLT values (R2 = 0.60, excluding #0714), whereas no correlation 
is observed between the δ15NHT values.

Figure 3  Correlation diagrams between the Pr/Sm ratios and 
(a) the Eu/Eu* ratios, (b) TiO2, and (c) Zr concentrations. The Eu/
Eu* is defined as Eu/0.5(Gd+Sm). Grey square areas indicate the 
range of modern ocean values. Dashed and solid arrows indicate 
the directions of hydrothermal fluid and crustal contributions, 
respectively (Bolhar et al., 2005). Positive correlations exist 
between the Pr/Sm and TiO2 and Zr concentrations.

Palaeo-ecosystem in the Gunflint Ocean

The carbon isotope compositions (δ13C values) of the examined 
kerogen samples, ranging from -33.6 to -25.1 ‰, are consistent 
with the carbon isotope values fixed by cyanobacteria (e.g., 
Schidlowski, 1988; House et al., 2000). The δ13C of kerogen in 
the sedimentary rocks, in general, corresponds to the values 
of contemporary primary producers. The presence of oxygenic 
primary producers in the Gunflint ocean is consistent with the 
biological nitrogen cycle proposed in the present study, and 
with the mineralogical and trace element geochemistry (see 
Supplementary Information).

The OM sinking through the water column would 
consume the dissolved oxygen, producing a temporary or 
partial sub-oxic zone in the Gunflint ocean, similar to a red 
tide event in the modern ocean (Minagawa and Wada, 1986). 
In the water column with spatially variable redox condi-
tions ranging from oxic to anoxic, nitrification/denitrification 
processes could be enhanced, thereby inducing 15N enrich-
ment in the OM (e.g., Shen et al., 2006; Sigman et al., 2009). One 
of the triggers of red tide in the modern ocean environment 
is considered to be an increased amount of nutrient supply to 
the ocean from the land (e.g., Taylor et al., 1995; Valiela et al., 
1997; Hauxwell et al., 1998). The rapid growth of continents 
in the Animikie basin enhanced the supply of elements from 
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the terrestrial region to the Gunflint ocean. Our data suggest 
that increased continental input brought more phosphorus 
and trace metal elements to the sedimentary environment 
(Fig. S-3, Table S-5), rather than modern-like nutrients such as 
dissolved OM, which are less likely at this time. The increased 
flux of such elements into the Gunflint ocean would promote 
the high production and nitrogen cycling in the biosphere of 
the shallow ocean (e.g., Papineau et al., 2009; Edwards et al., 
2012; Stüeken et al., 2015), as represented by the positive corre-
lation between Pr/Sm ratios and δ15NLT of kerogen observed 
in this study.

The active production of OM may have facilitated the 
formation of the organic-rich sediments as well. The high flux 
of OM would keep the interior of sediments under suboxic 
to anoxic conditions, where the activity of sulphate-reducing 
bacteria was promoted. Such conditions would produce the 
heavier δ34S values in the final products, such as pyrite (see 
Table 1 and Supplementary Information). A local involvement 
of methanogens and methanotrophs in such a benthic or 
subsurface environment is also plausible and is supported by 
the carbon isotope study of microfossils (House et al., 2000). 
The primary OM precipitated to the sea floor would be decom-
posed by those heterotrophic bacteria, resulting in nitrogen 
isotope heterogeneities in the kerogen left in the sediments. 
The combined approaches of stepwise nitrogen isotope anal-
yses and multiple geochemical analyses in this study can be 
used as a proxy to understand the evolution of biosphere and 
ocean environment in the Precambrian age.
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