
















Spurengases „Lachgas“ in zwei stark anthropogen geprägten Ästuaren in Deutschland untersucht: 
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𝑅 =  𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 𝑜𝑓 ℎ𝑒𝑎𝑣ℏ𝑒𝑟 ℏ𝑠𝑜𝑡𝑜𝑝𝑒𝑠𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 𝑜𝑓 𝑙ℏ𝑔ℎ𝑡𝑒𝑟 ℏ𝑠𝑜𝑡𝑜𝑝𝑒𝑠
𝛿 (‰) =  (𝑅𝑆𝑎𝑚𝑝𝑙𝑒 , 𝑅𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑅𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ) × 1000

brium and unidirectional processes lead to “equilibrium 

fractionation” and “kinetic fractionation”, respectively. The latter usually dominates duri

ε) is defined 

𝘀 (‰) =  ( 𝑘14𝑘15 , 1) × 1000

ε) can either be calculated using a 

𝘀𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =  𝛿15𝑁𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 , 𝛿15𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑛(𝑓)
ẟ

ẟ ẟ



𝘀𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =  𝛿15𝑁𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 , 𝛿15𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙(1 , 𝑓)
𝘀𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =  𝛿15𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡 , 𝛿15𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑓
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585, 53°25’31’’N, 10°20’10’’E) between the riverine and estuarine section



–

ẟ ‟, 

ẟ ‟; IAEA, ẟ ‟, ẟ ‟) and one internal standard 

ẟ ‟) were measured 

‟ (n= 4) for ẟ ‟ (n=4) for ẟ

ε

𝘀𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝛿15𝑁𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 , 𝛿15𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙  1 , 𝑓
δ δ



𝐿 =  ∑ 𝑐𝑖𝐿𝐼𝑄𝑖𝑘
𝑖-1
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δ

‟ and δ ‟. ‟ 

‟ in July 2019 for δ δ
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𝑓 = 𝑇𝑁𝐸𝑙𝑏𝑒,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑇𝑁𝐺𝑒𝑟𝑚𝑎𝑛𝑦 = 𝑚 ×  𝑄𝐸𝑙𝑏𝑒 + 𝑏
𝑇𝑁𝐸𝑙𝑏𝑒,𝑚𝑜𝑑𝑒𝑙 = 𝑏 × 𝑇𝑁𝐺𝑒𝑟𝑚𝑎𝑛𝑦 + 𝑚 × 𝑇𝑁𝐺𝑒𝑟𝑚𝑎𝑛𝑦 × 𝑄𝐸𝑙𝑏𝑒

Our calculation suggests that on average, 14.8 % of Germany’s nitrogen inputs into surface water 
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ε = 14 ‟ (R = 0.92,

ε = 20 ‟;

ε

‟;

δ δ δ δ
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δ δ

δ

δ ε isotope effect of 11 ‟, which fits with 

ε isotope effect of ‟. This isotope effect is outside the previousl

20 ‟;

30 ‟ 

ε = 14 ‟ calculated from the entire dataset with isotope 

ε = 10 ‟) and riparian denitrification ( ε = 26 ‟)
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of the Port of Hamburg are defined as “upper estuary” and downstream of it as “lower estuary”.
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ẟ 1.8 ‟, 

ẟ ‟; IAEA, ẟ ‟, ẟ ‟) and one internal standard 

‟ (n= 4) for ẟ ‟ (n=4) for ẟ

δ

δ +0.4 ‟), δ N = +20.3 ‟) and a certified sediment standard (IVA Anlaysetechnik, 
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upstream of the Port of Hamburg is referred to as “the upper 

estuary”. In the upper estuary, 
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‟ in August 2019 and 25.4 ‟ in May 2022. The δ ‟ to 

‟ measured in August 2019 and May 2022, respectively. During most cruises, 
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9.5 ‟ and δ 2.7 ‟ 3.1 ‟ 

δ

ier isotopic signatures of particulate nitrogen (11.2 ‟ in July 2018 and 12.1 ‟ 

an isotopic enrichment of approximately 4 ‟ compared to other summer 

‟ to 8 ‟; 

ẟ ẟ
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ẟ ‟ (



concentrations, (g) δ itrate, (h) C/N ratios, (i) δ
particulate nitrogen content, (k) oxygen saturation and (l) δ
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𝑠 = 100 × 𝑁2𝑂𝑐𝑤𝑁2𝑂𝑒𝑞

𝑘 = 0.24 × (4.045 + 2.58𝑢10) × ( 𝑆𝑐600),0.5

𝑓 = 𝑘 × (𝑁2𝑂𝑐𝑤 ,  𝑁2𝑂𝑒𝑞)



’

𝑁2𝑂𝑥𝑠 = 𝑁2𝑂𝑤 , 𝑁2𝑂𝑒𝑞
𝐴𝑂𝑈 =  𝑂2′ , 𝑂2
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Schmidt and the entire working group “Aquatic nutrients cycles” for measuring nutrients 
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(26 ‟) of nitrate stable 
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miniDot™ (PME, 

μ

μ μ

μ μ

ẟ ẟ

ẟ 8 ‟, ẟ 9 ‟; IAEA, ẟ 7 ‟, 

ẟ 6 ‟) and one internal standard (ẟ 6 ‟, ẟ 4 ‟) 

2‟ 



5‟ (n ẟ ẟ

ẟ ẟ 4 ‟), IAEA N2 

ẟ ‟) and a certified sediment

𝑠 = 100 ×  𝑁2𝑂𝑐𝑤𝑁2𝑂𝑒𝑞

𝑘 = 0.24 × (4.045 + 2.58 𝑢10)  × ( 𝑆𝑐600)2
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ẟ

ε

𝘀𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =  𝛿15𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡 , 𝛿15𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑓

𝑓 = 𝑘 ×  (𝑁2𝑂𝑐𝑤 ,  𝑁2𝑂𝑎𝑖𝑟)

𝐶𝑀𝑖𝑥 = 𝑓 × 𝐶𝑅 + (1 , 𝑓)𝐶𝑀

𝑓 = (𝑆𝑀,𝑆𝑀𝑖𝑥)(𝑆𝑀,𝑆𝑅)

𝛿𝑀𝑖𝑥 = 𝑓×𝐶𝑅×𝛿𝑅+(1,𝑓)×𝐶𝑀×𝛿𝑀𝐶𝑀𝑖𝑥

𝘀𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =  𝛿15𝑁𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 , 𝛿15𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙(1 , 𝑓)



ẟ ẟ ẟ ẟ

μ

μ

μ

μ

μ μ

μ

μ



‟ for δ ‟ δ ‟ ‟ δ

δ ‟ and 11 ‟ for
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concentration, c) nitrate concentration, (d) δ (e) δ

(l)  δ

δ

‟ in the tidal river/Dollard reach, and 9 ‟ in the middle



δ ‟. In 2014, δ

‟), but the

μ μ

μ

μ

μ



δ δ



δ δ



the identification of the “outer zone” (zone 3) is more
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ε 24 ‟ 89 in 2014 and 26 ‟;
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close to the particle’s

“denitrification zone”
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ε 26 ‟ in the “denitrification zone” 

δ

δ ε 2‟



ε 14‟ 41‟ 

ε 9‟ to 20‟ 

ε 10 ‟, that we used to

μ μ

μ

μ

μ μ

μ

In the “outer zone” (zone 3) the mixing line shows divergent

δ δ

ε ‟, which also is a sign of assimilation, even though it is at the



‟ 

in a net nitrate source. In the “outer zone” (zone 3),



μ

comparison to nitrification. In the “coactive zone” (zone 2)





“denitrification zone” (zone 1) is an important nitrous oxide
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spatial segregation of nitrogen turnover along the hyper turbid Ems Estuary”
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Plot of δ vs δ



𝑠 = (32.31,18.64)(32.31,0) = 0.423
𝐶𝑀𝑖𝑥 = 𝑠 × 𝐶𝑅 + (1 , 𝑠)𝐶𝑀 = 0.423 × 181.70 µ𝑚𝑜𝑙 𝐿,1 + (1 , 0.423) ×3.60 µ𝑚𝑜𝑙 𝐿,1 = 78.94 µ𝑚𝑜𝑙 𝐿,1

𝛿𝑀𝑖𝑥 = 𝑠 × 𝐶𝑅 × 𝛿𝑅 + (1 , 𝑠) × 𝐶𝑀 × 𝛿𝑀 𝐶𝑀𝑖𝑥 =  𝛿𝑀𝑖𝑥= 0.423 × 181.70 µ𝑚𝑜𝑙 𝐿,1 × 14.64 ‰ + (1 , 0.423) × 3.60 µ𝑚𝑜𝑙 𝐿,1 × 14.23 ‰78.94 µ𝑚𝑜𝑙 𝐿,1=   14.62 ‰
We use δ

Calculates mixing δ



ε ‟, ε 1.2 ‟. As long 

ε

ε 41 ‟ 

ε ‟ 

ε 10 ‟ 

‟ as 

‟ 

Calculated mixing δ
ε 10 ‟ with the mixing

= 26 ‟ with the mixing sample as intersect

𝛿15𝑁𝑚𝑖𝑥,𝐷𝐸𝑁𝐼 = 𝑚𝐷𝐸𝑁𝐼 × 𝑓 + 𝑏𝐷𝐸𝑁𝐼,𝑚𝑖𝑥  →  𝑏𝐷𝐸𝑁𝐼,𝑚𝑖𝑥 =  𝛿15𝑁𝑚𝑖𝑥,𝐷𝐸𝑁𝐼 , 𝑚𝐷𝐸𝑁𝐼 × 𝑓= 14.64 ‰ + 26 × 1 = 40.64

𝛿15𝑁𝑚𝑖𝑥,𝑁𝐼𝑇𝑅𝐼 = 𝑚𝑁𝐼𝑇𝑅𝐼 × 𝑓 + 𝑏𝑁𝐼𝑇𝑅𝐼,𝑚𝑖𝑥 → 𝑏𝑁𝐼𝑇𝑅𝐼,𝑚𝑖𝑥 =  𝛿15𝑁𝑚𝑖𝑥,𝑁𝐼𝑇𝑅𝐼 , 𝑚𝑁𝐼𝑇𝑅𝐼 × 𝑓 =14.64 ‰ + 10 × 1 = 24.64



𝑓 =  𝐶𝑀𝐶𝑀𝑖𝑥 =  84.60 µ𝑚𝑜𝑙 𝐿−178.94 µ𝑚𝑜𝑙 𝐿−1 = 1.07

δ δ
ε 10 ‟ with the mixing sample as 
ε = 26 ‟ with the mixing sample as 

Calculated mixing δ and measured δ
ε 10 ‟ with the mixing sa
ε = 26 ‟ with the mixing sample as 

ε 10 ‟ with the measured sample as 
ε = 26 ‟ with the measured sample 



𝛿15𝑁𝑚𝑒𝑎𝑠,𝐷𝐸𝑁𝐼 = 𝑚𝐷𝐸𝑁𝐼 × 𝑓 + 𝑏𝐷𝐸𝑁𝐼,𝑚𝑒𝑎𝑠  →  𝑏𝐷𝐸𝑁𝐼,𝑚𝑒𝑎𝑠 =  𝛿15𝑁𝑚𝑒𝑎𝑠,𝐷𝐸𝑁𝐼 , 𝑚𝐷𝐸𝑁𝐼 × 𝑓 =16.09 ‰ + 26 × 1.07 = 43.95

𝛿15𝑁𝑚𝑖𝑥,𝑁𝐼𝑇𝑅𝐼 =  𝑚𝑁𝐼𝑇𝑅𝐼 × 𝑓 + 𝑏𝑁𝐼𝑇𝑅𝐼,𝑚𝑒𝑎𝑠 → 𝑏𝑁𝐼𝑇𝑅𝐼,𝑚𝑒𝑎𝑠 =  𝛿15𝑁𝑚𝑒𝑎𝑠,𝑁𝐼𝑇𝑅𝐼 , 𝑚𝑁𝐼𝑇𝑅𝐼 ×𝑓 = 16.09 ‰ + 10 × 1.07 = 26.80

𝛿15𝑁𝐷𝐸𝑁𝐼 =  𝑚𝐷𝐸𝑁𝐼 × 𝑓𝐷𝐸𝑁𝐼 + 𝑏𝐷𝐸𝑁𝐼,𝑚𝑖𝑥 =  𝑚𝑁𝐼𝑇𝑅𝐼 × 𝑓𝐷𝐸𝑁𝐼 + 𝑏𝑁𝐼𝑇𝑅𝐼,𝑚𝑒𝑎𝑠
,26 × 𝑓𝐷𝐸𝑁𝐼 + 40.64 =  , 10 × 𝑓𝐷𝐸𝑁𝐼 + 26.80
𝑓𝐷𝐸𝑁𝐼 = 40.64 , 26.8026 , 10 = 0.86
𝑓𝑁𝐼𝑇𝑅𝐼 = 𝑓 , 𝑓𝐷𝐸𝑁𝐼 = 1.07 , 0.86 = 0.21

𝐶𝐷𝐸𝑁𝐼 = (𝑓𝑖𝑛𝑖 , 𝑓𝐷𝐸𝑁𝐼) × 𝐶𝑀𝐼𝑥 = (1 , 0.86)  × 78.94 µ𝑚𝑜𝑙 𝐿,1 = 10.73 µ𝑚𝑜𝑙 𝐿,1

𝐶𝑁𝐼𝑇𝑅𝐼 = 𝑓𝑁𝐼𝑇𝑅𝐼 ×  𝐶𝑀𝐼𝑥 = 0.21 × 78.94 µ𝑚𝑜𝑙 𝐿,1 = 16.39 µ𝑚𝑜𝑙 𝐿,1



Calculated mixing δ and measured δ
ε 10 ‟ with the mixing sample as 
ε = 26 ‟ with the mixing sample as 

ε 10 ‟ with the measured sample as 
ε = 26 ‟ with the measured sample 

𝛿15𝑁𝑁𝐼𝑇𝑅𝐼 =  𝑚𝐷𝐸𝑁𝐼 × 𝑓𝑁𝐼𝑇𝑅𝐼 + 𝑏𝐷𝐸𝑁𝐼,𝑚𝑒𝑎𝑠 =  𝑚𝑁𝐼𝑇𝑅𝐼 × 𝑓𝑁𝐼𝑇𝑅𝐼 + 𝑏𝑁𝐼𝑇𝑅𝐼,𝑚𝑖𝑥
,26 × 𝑓𝑁𝐼𝑇𝑅𝐼 + 43.95 =  , 10 × 𝑓𝑁𝐼𝑇𝑅𝐼 + 24.63
𝑓𝑁𝐼𝑇𝑅𝐼 = 43.95 , 24.6326 , 10 = 1.21

𝑓𝐷𝐸𝑁𝐼 = 𝑓𝑁𝐼𝑇𝑅𝐼 , 𝑓 = 1.21 ,  1.07 =  0.14

𝐶𝑁𝐼𝑇𝑅𝐼 = (𝑓𝑁𝐼𝑇𝑅𝐼 ,  𝑓𝑖𝑛𝑖) ×  𝐶𝑀𝐼𝑥 = (1.21 , 1)  × 78.94 µ𝑚𝑜𝑙 𝐿,1 = 16.39 µ𝑚𝑜𝑙 𝐿,1

𝐶𝐷𝐸𝑁𝐼 = 𝑓𝐷𝐸𝑁𝐼 ×  𝐶𝑀𝐼𝑥 = 0.14 × 78.94 µ𝑚𝑜𝑙 𝐿,1 = 10.73 µ𝑚𝑜𝑙 𝐿,1



Calculated mixing δ and measured δ
ε 10 ‟ with the mixing sample as 
ε = 26 ‟ with the mixing sample as 

ε 10 ‟ with the measured sample as 
ε = 26 ‟ with the measured sample 

δ

‟

δ

‟



δ

‟

δ

‟
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the entire “Aquatic ycles”


