
Submit Manuscript | http://medcraveonline.com

Introduction
Karst landscapes are formed by the dissolution of water-soluble 

bedrock.1 Springs, sinkholes, underground caves, and disappearing 
streams are characteristic karst features.1,2 Formation of karst 
features occurs in carbonate and evaporite sedimentary layers such 
as limestone (CaCO3), gypsum (CaSO4 · H2O), dolomite (MgCO3 · 
CaCO3), and anhydrite (CaSO4).

1,2 

The Black Hills of South Dakota, USA, contain rock formations 
that commonly display karst features.3 The Minnelusa and Madison 
formations composed of mainly dissolvable limestone are largely 
responsible for the numerous occurrences of sinkholes throughout the 
area.1,3 They act as major aquifers in the Black Hills and are recharged 
by streams and precipitation through outcrops in higher elevations.3 
Other sedimentary confining layers found in the Minnelusa and 
Madison formations are fine-grained varieties that impede water 
penetration. Because of these nearly impermeable layers, the aquifers 
are constantly under pressure. The active dissolution of the carbonate 
layers creates karst springs, such as those located at McNenny State 
Fish Hatchery at the northern edge of the Black Hills.3 These springs 
are likely supplied by the Minnelusa and Madison aquifers.3–5 The 
spring water is supersaturated with nitrogen gas, presumably due to 
the high-pressure buildup in its originating aquifer(s).6,7 

Nitrogen supersaturation is of particular concern because of the 
negative effects of excess nitrogen on fish health.8–12 In aquaculture 
facilities using spring water, gas saturation monitoring and remediation 
efforts routinely occur.13,14 While karst spring gas saturation levels are 
known to vary throughout the day,15 it is not known how much, if any, 
they fluctuate over longer time periods. Thus, the objective of this 
study was to document nitrogen gas levels in a karst spring for over 
a year.

Methods
Study area

The study site was located at McNenny State Fish Hatchery, 
Lawrence County, South Dakota, USA (Figure 1 and 2). The hatchery 
is built on top of the Spearfish Formation overlying the Madison 

and Minnelusa Formations. The top layer of soil is composed of 
fine-grained sandstone, siltstone, red shales, and soluble gypsum 
lenses.1,2,16 Deeper layers mainly consist of dissolvable limestone 
and confining layers.1,2,16 Karstic collapse beneath the hatchery in 
the Spearfish Formation is responsible for the numerous springs that 
supply the hatchery with water.1,2,15

Figure 1 Location of McNenny State Fish Hatchery outside of Spearfish, 
South Dakota, USA.

Figure 2 Aerial photo from Google Earth showing the location of the spring 
tested at McNenny State Fish Hatchery.
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Abstract

Natural springs are common characteristics of karstic landscapes, such as those found in 
the Black Hills of South Dakota, USA. Water from these springs is supersaturated with 
nitrogen gas, which can be problematic if the spring water is used for fish rearing. This 
study recorded gas levels over 15 months from a spring at McNenny State Fish Hatchery, 
South Dakota USA. Mean (SE) percent nitrogen saturation was 114.0 (0.4) and ranged from 
108.9 to 119.1%. Total gas pressure was never below 100%, and mean oxygen saturation 
was 79.2%. Both percent nitrogen saturation and total gas pressure significantly decreased 
over the course of the study. Conversely, oxygen saturation significantly increased during 
the study period. Rapid aquifer recharge is likely responsible for the fluctuations in nitrogen 
gas saturation in the spring water. This study highlights that nitrogen saturation and total 
gas pressure are not static and underscores the significance of nitrogen gas supersaturation 
monitoring in spring water used in aquaculture.
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Data collection

Data was collected in a spring located at McNenny State Fish 
Hatchery (approximate latitude 44°33’32” N, longitude 104°00’40” 
W). Water flow from the spring is approximately 0.02 m3/sec. The 
spring water has an approximate total hardness as CaCO3 of 360 
mg/L, alkalinity as CaCO3 at 210 mg/L, pH of 7.6, and total dissolved 
solids of 390 mg/L. The water in the spring was sampled about once 
a week starting January 24, 2023, and ending May 8, 2024, excluding 
the month of May 2023. Samples were taken at sunrise using a total 
gas pressure meter (Handy Polaris, OxyGuard, Farum, Denmark) with 
barometric pressure obtained from wunderground.com17 for a nearest 
location from the hatchery (approximately 8 km). The gas pressure 
meter was calibrated prior to daily use.

Total gas pressure was calculated by taking total gas pressure at 
saturation divided by 100 and multiplied by the overall barometric 
pressure. 

Where:

100
SAT

TOTAL BAR
PP P= ×

Delta P was determined by subtracting barometric pressure from 
total gas pressure.

Where:

 TOTAL BARP P P∆ = −

Nitrogen saturation was calculated using the following formula:
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Where:

N2 = partial pressure of nitrogen gas in the water (percent nitrogen 
saturation);

BP = local barometric pressure (mmHg);

O2 = oxygen concentration (mg/L);

BO2 = Bunsen’s coefficient for oxygen;

PH2O = partial pressure of the water vapor (mmHg).

Data analysis

Data were analyzed using the SPSS (24.0) statistical program 
(IBM, Armonk, New York, USA). Significance was predetermined at 
p < 0.05. A two-way analysis of variance was performed. If there was 
an interaction, then a one-way analysis of variance was performed 
with a post hoc means separation test using Tukey HSD.

Results
Mean (SE) percent nitrogen saturation was 114.0 (0.4) and ranged 

from 108.9 to 119.1% (Table 1). The highest level of nitrogen gas 
super-saturation was 119.1%. Total gas pressure was never below 
100%, and mean oxygen saturation was only 79.2%. Both percent 
nitrogen saturation and total gas pressure significantly decreased 
over the course of the study (Figure 3 and 4). Conversely, oxygen 
saturation significantly increased during the study period (Figure 5).

Figure 3 Change in percent nitrogen in the spring at McNenny State fish 
Hatchery over 15 months.

Figure 4 Change in percent total gas pressure in the spring at McNenny State 
fish Hatchery over 15 months.

Figure 5 Change in percent oxygen saturation in the spring at McNenny State 
fish Hatchery over 15 months.

Table 1 Mean (SE), minimum, and maximum values of nitrogen gas (N2), total 
gas pressure (TGP), and oxygen (O2) percent saturation in a karst spring at 
McNenny State Fish Hatchery over 15 months

Variable Mean (%) Minimum (%) Maximum (%)
N2 % 114 (0.4) 108.9 119.1
TGP % 103.6 (0.2) 101.7 106.2
O2 % 79.2 (0.9) 63.4 91.3

Discussion
While nitrogen gas saturation levels declined over the course of the 

year, they still remained problematic regarding the use of the spring 
water for fish rearing. Nearly all of the recorded values were above 
the US Environmental Protection Agency’s maximum criteria is 110% 
which marks the threshold for when potential disease can occur.7,18 
Nitrogen gas fluctuations in karst springs are common resulting 
from a variety of influences.19 Ground water nitrogen saturation 
can occur through the process of surface water or precipitation 
being drawn into aquifers, where atmospheric air is supersaturated 
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into the water because of high pressure.7,18,20,21 The dissolution and 
weathering of carbonaceous other bedrock can also entrain nitrogen 
gas in groundwaters.22,23 Furthermore, local rapid recharge caused 
by influxes of precipitation, vegetation inputs, organic matter, and 
human activity can increase nitrogen gas percent in spring waters.24–27 
However, samples were taken near the spring vent, and it is unlikely 
that these factors contributed to recorded nitrogen percent in this 
study. 

Oxygen saturation had a negative correlation with nitrogen 
saturation and a positive linear relationship with time. Oxygen levels 
in the spring never fell below 63.4% saturation, which is lower than 
recorded by Gross et al.15 in the same location but much higher than 
reported in other sampling locations of springs and ground water.19,21 
Oxygen gas saturation fluctuates through the seasons given that 
temperature and hours of daylight all affect oxygen levels in water, 
however this is unlikely due to the location of sampling.28,29 The 
mixing of atmospheric air or precipitation with ground water can also 
influence oxygen saturation.7,18,20,21,30 Oxygen gas typically inversely 
correlates with nitrogen gas, thus its general behavior in this study 
was expected.18,30

The total gas pressure had a significantly negative linear 
relationship with time over the course of this study. Total gas pressure 
is determined by a variety of factors such as the surrounding geology 
and rate of recharge leading to a higher water table.31,32 The total 
gas pressure in karst springs is subject to change when there is an 
abundance of precipitation and runoff and accelerated recharge.31,33,34 
However, the negative linear relationship displayed by total gas 
pressure with time is unusual given that the precipitation varied 
throughout the year. 

The time of day that the data was collected was significant for 
the focus of this study. Gross et al.15 reported significantly higher 
supersaturation of nitrogen in the morning, and lower levels later 
in the day. Because the focus of this study was to monitor nitrogen 
supersaturation in the water that would ultimately be used for fish 
rearing, it was important that the readings were taken when the 
nitrogen levels were highest. Monitoring nitrogen levels in the water 
used for raising fish is crucial because nitrogen gas supersaturation 
can lead to gas bubble disease.7,19,21,35,36

This study was conducted for 15 months, but fluctuations in 
aquifer recharge and precipitation will influence percent nitrogen in 
spring waters.7,18,20,21 To properly monitor and access all factors of gas 
supersaturation, a longer-term study is required.

Conclusion
The results of this study indicates that total gas supersaturation 

is not static in natural karstic springs. The changes in nitrogen 
supersaturation, total gas pressure, and oxygen saturation are likely 
because of the rapid recharge of the springs originating aquifers. 
Because elevated nitrogen gas levels can create fish health issues 
during hatchery rearing, the results from this study underscore the 
significance of nitrogen gas supersaturation monitoring.
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