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Padowski, J.C., Gorelick, S.M., Thompson, B.H., Rozelle, S., Fendorf, S. (2015) ”Assessment of human-natural 
system characteristics influencing global freshwater supply vulnerability” Environ. Res. Letters, 10(10), 204014.
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algal blooms  spills drought urbanization, climate change

Grant et al., (2012) “Taking the ‘waste’ out of ‘wastewater’ for human water security and ecosystem 
system sustainability” Science 337 681, doi:10.1126/science.1216852



We Monitor to Detect/Manage Water 
Supply (and Ecosystem) Disruptions

min. hour day month year decade

timescale

century

Vulnerability

Sustainability

Reliability

algal blooms  spills drought

Kaushal, S.S., Likens, G.E., Pace, M.L., Utz, R.M., Haq, S., Gorman, J., Grese, M. (2018) “Freshwater 
salinization syndrome on a continental scale” Proc. Nat. Acad. Sci. USA, doi:10.1073/pnas.1711234115
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planetary 
boundariesSteffen, W., Richardson, K., Rockstrom, J., et al. (2015) “Planetary boundaries: 

Guiding human development on a changing planet” Science 347, 6223.
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OWML Monitoring at Chain Bridge

min. hour day month year decade

timescale

century

Vulnerability

Sustainability

Reliability

Continuous: stage, discharge, T, DO, pH, specific conductivity

Grab samples & Storm Composites: SNA, SK, SMG 

Grab samples & Storm Composites: Cl-, SO4
-2

Leverage the dataset!
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Occoquan Reservoir Today

Photo Credit – Roger Snyder



Sodium Concentration in the Fairfax 
Water Intake is Rising Fast

Taste
Health 
Advisory



Is the Na+ from the Watershed or Sewershed?



Plan of Attack

Work closely with stakeholders every step of the way, 
from data curation to analysis to interpretation

Combine the OWML’s historical monitoring data with 
data from UOSA and Fairfax Water

Set-up weekly meetings with the key stakeholders 
(OWML, UOSA, Fairfax Water, Fairfax County)



UOSA Effluent

Sodium in UOSA effluent is from the sewershed

ST45

Sodium at ST45 is from: (a) UOSA effluent + (b) non-point 
sources in the Bull Run drainage

Sodium at ST10 is from: non-point sources in the Occoquan 
River drainage

ST10



Technical 
details (in 

short!)

Step 4
Compare the relative contributions of Bull Run, 
UOSA, and Occoquan River to sodium load and 
concentration to reservoir under different flow 
conditions (Copula analysis, MvCAT)

Step 3 From mass and flow balance, compute the daily 
sodium load and concentration from the Bull Run 
drainage

Step 2 Aggregate the hourly sodium time series at ST10 
and ST45 to daily timeseries and propagate errors 
(loadflex, USGS)

Step 1 Leverage the data! Create hourly time series of 
sodium load and concentration at ST45,  ST10, and 
UOSA* (glmulti, R Software)

*Sodium concentration and load at UOSA was daily, not hourly
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First Result: 
% of Daily Sodium 
Loading to the 
Occoquan Reservoir 
from (1) Bull Run, (2) 
Occoquan River, (3) 
UOSA
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Second Result: 
Daily Sodium 
Concentrations in 
Flow from (1) Bull 
Run, (2) Occoquan 
River, and (3) UOSA
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Third Result:
Daily Sodium 
Concentration 
Results—but this time 
diluted with “DI 
Water” from other 
sources
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Where do we take it from here…?

• First and foremost…keep monitoring!
• The “copula approach” outlined above (for 

identifying the contribution of specific sources by 
their conditional PDFs) can be replicated for 
other analytes (e.g., chloride, nitrate, bromide,…) 
and other locales

• The analysis can also be extended to multiple 
analytes, to quantify sources relative to their 
“biogeochemical fingerprints”, “taste 
fingerprints”, and “pathogen fingerprints”



“Biogeochemical 
Fingerprints”: 
stable isotope and 
biogeochemical 
signals in 
freshwaters 

Erin Hotchkiss, Assistant Professor

School of Biological Sciences

Virginia Tech



assumed that the elevated d15N values in groundwater NO3
! are

not due to denitrification, an observation supported by d18O values
of NO3

! (see below). Mixed manure compost and chemical
fertilizer have distinct d15N values (Oren et al., 2004; Böhlke
et al., 2007; Choi et al., 2007). Using the d15N-NO3

! values for
manure (+10 to +14%) and chemical fertilizers (0.2 to +1.9%) from
literature data and own measurements (Table 2), it appears likely
that nitrate partially derived from manure and from chemical
fertilizer can explain the observed d15N range from 6.0 to 10.0%.
Hence, we postulate that the high NO3

! concentrations in the
western part of the study area are caused by a mixture of NO3

!

derived manure and chemical fertilizers. This result is consistent
with the land use pattern in the western part, which consists of
vegetable fields that receive both chemical fertilizer and manure,
barns and residential areas.

The d18O values of nitrate in groundwater obtained from the
study area showed a narrow range from !2.4 to +4.6% (Fig. 6).
These low d18O-NO3

! values confirm that denitrification is not
occurring in the study area. NH4

+ and NO3
! from chemical

fertilizers are rapidly immobilized as organic N in agricultural soils.
NO3

! produced during subsequent soil nitrification is reported to
contain two-thirds of the oxygen from soil water and one-third of
the oxygen from atmospheric oxygen (" +23.5%) (Aravena et al.,
1993; Wassenaar, 1995; Liu et al., 2006; Anisfeld et al., 2007). If the
oxygen from these sources is incorporated without isotope
fractionation, the d18O-NO3

! value of the newly formed NO3
!

can be calculated as shown below:

d18O-NO3¼ ð2=3Þðd18O-H2OÞ þ ð1=3Þðd18O-O2Þ

Using the d18O values of groundwater in the study area that
range from !9.1 to !9.7% (Kaown et al., 2009) and d18O-
O2 = +23.5% for molecular oxygen, the expected d18O-NO3

! values
in the groundwater typical for nitrate derived from nitrification
would be around +1 to +2%. This is close to the observed d18O-
NO3

! value of !2.9 to 3.8% in the groundwater of the study area.
The low d18O values indicate that groundwater nitrate is derived
from nitrification of organic soil N, manure and chemical fertilizers
and that denitrification is negligible due to the aerobic conditions
in the aquifer. Since NO3

! containing chemical fertilizers applied in
the study area have d18O-NO3

! values of +22 ' 3% (own
measurement see Table 2; Wassenaar, 1995; Einsiedl and Mayer,
2006) this suggests that the d18O values of newly formed NO3

! are
reset in the soil zone (Mengis et al., 2001; Einsiedl and Mayer, 2006),
The groundwater samples in the western part showed lower d18O-
NO3 (!2.4 to 0.1%) values than those from the eastern part (!1.9 to
6.5%). d18O values of water cannot explain the difference in d18O-NO3

values between the two parts because the difference of d18O of water
is less than 0.6%. It is possible that the lower d18O-NO3 values in the

Fig. 5. Piper diagrams for groundwater sampled in April 2006 (a) and December
2007 (b).

Fig. 6. Concentration weighted mean d18O versus concentration weighted mean
d15N values for groundwater nitrate. Typical ranges of d15N-NO3

! and d18O-NO3
!

values for different nitrate sources were taken from Kendall (1998) and Mengis
et al. (2001).

Table 2
Stable isotopic compositions of chemical fertilizers.

Chemical
fertilizer

d15N (%)
(NO3)

d18O (%)
(NO3)

d34S (%)
(SO4)

d18O (%)
(SO4)

F1 1.1 – !6.1 15.9
F2 0.3–0.7 21.0 – –
F3 1.9 – !4.4 14.6

D. Kaown et al. / Agriculture, Ecosystems and Environment 132 (2009) 223–231228

western part indicate more intensive nitrification than in the eastern
part. It is also possible that due to the use of manure (with high
organic C contents) in the orchards partial denitrification may occur
in soil microsites despite the fact that groundwater is aerobic (see
Table 1).

The concentration weighted mean d15N-NO3
! values and d18O-

NO3 values in the western area were 7.8% and !1.39%,
respectively. In the eastern area, the concentration weighted
mean d15N-NO3

! values and d18O-NO3 values are 10.3% and 0.5%,
respectively. For dissolved NO3

! and SO4
2!, relative contributions

of the respective sources were estimated using stable isotopic
compositions to aid future management of groundwater quality in
the study area. The mixing proportion for groundwater NO3

! was
calculated using mass balance equations assuming no major
change in isotopic compositions during N transformations for both
d15N-NO3

! and d18O-NO3 values (Deutsch et al., 2006).

d15N ¼ f cd15Ncþ f md15Nmþ f ad15Na

d18O ¼ f cd18Ocþ f md18Omþ f ad18Oa

1 ¼ f c þ f m þ f a

The subscripts c, m, and a represent the three sources; chemical
fertilizers (c), manure (m), and atmospheric deposition (a) and f is
defined as the fraction of the respective sources. The d15N-NO3

! of
manure was assumed to be 14.4%, the highest value observed in
the groundwater samples. For chemical fertilizers, the measured
mean d15N value of 1.1% was used (Table 2). The nitrate isotope
values for the atmospheric deposition were taken from Lee et al.
(2008). The end-members used in the calculation of mixing
fraction were listed in Table 3. Groundwater samples with NO3

!

concentrations below 3 mg L!1 were excluded in the calculation of
mixing proportions for NO3

! sources. The results of three end-
member mixing model based on both d15N-NO3

! and d18O-NO3
!

values indicated that chemical fertilizers contributed 50% of NO3
!

content in the western part, and 26% in the eastern part of the
aquifer. This suggests a much higher impact of chemical fertilizers
on groundwater NO3

! in the western part of the study area (Fig. 6).
The relative proportions of groundwater nitrate contributed from
atmospheric deposition were less than 3% for both the western and
the eastern area.

4.3. d34S and d18O values of sulfate

The isotopic composition of sulfate has been successfully used
for examining sources and pathways in the sulfur cycle, including
tracing the contribution of anthropogenic sulfate to groundwater
(e.g. Van Donkelaar et al., 1995; Mitchell et al., 1998). Fig. 7 shows
typical d34S values for soil sulfate ranging from 0 to +6%, from!34
to +7% for sulfate from the oxidation of reduced sulfur minerals,
and from 0 to +6% for sulfate in atmospheric deposition in
industrialized countries (Krouse and Mayer, 2000; Rock and
Mayer, 2002; Mayer, 2005).

The sulfate concentrations in groundwater samples obtained
from the study area varied from 0.5 to 28.4 mg L!1 and d34S-SO4

2!

values ranged from +2.9 to +10.0% (Fig. 7). The d34S-SO4
2! values

did not show distinct differences between the two sampling
periods. However, groundwater samples with low concentrations
of sulfate showed elevated d34S-SO4

2! values, whereas samples
with high concentrations of sulfate were characterized by slightly
lower d34S-SO4

2! values (Fig. 7), suggesting two different sources
of sulfate. The results of a Mann–Whitney U-test confirmed that
the differences of sulfate concentration and d34S-SO4

2! values in
the western and eastern part of the aquifer were significantly
different (i.e., p< 0.05) (Table 1). Yu and Park (2004) reported that
the d34S-SO4

2! values for precipitation in the study area ranged
from +3.4 to +8.2%, and from +4.1 to +6.2% for surface water
sulfate. The measured d34S values for groundwater sulfate with
low concentrations in the eastern part of the study area fall into the
same range typical for sulfate in precipitation and surface water
suggesting that groundwater sulfate at the eastern part is
predominantly derived from atmospheric deposition. There
appears to be a weak trend of increasing d34S-SO4

2! values with
decreasing sulfate concentrations in the aquifer of the eastern part
(Fig. 7). Such trends are generally typical for bacterial dissimilatory
sulfate reduction resulting in the enrichment of heavy isotopes of
both sulfur and oxygen in the remaining sulfate (Robertson and
Schiff, 1994; Krouse and Mayer, 2000). However, the high
concentrations of dissolved oxygen in the aquifer of the study
area and detectable concentrations of nitrate suggest that bacterial
dissimilatory sulfate reduction is not occurring.

Samples having high concentrations of sulfate in the western
part were characterized by slightly lower d34S-SO4

2 values than
those typical for precipitation and surface water. They also
displayed a narrow range of d34S-SO4

2! values mainly between
+2 and +4% indicating that the elevated sulfate concentrations are
likely caused by an additional sulfate source with a low d34S value.
Sulfate-containing chemical fertilizer in the study area had d34S
values between !6 and !4% (Table 2). Vitoria et al. (2004)
measured 73 chemical fertilizer samples and showed that many
clustered around a d34S-SO4

2! value of 0%. Ammonium sulfate
((NH4)2SO4) is commonly used as a chemical fertilizer in
agricultural areas and we hypothesize that leaching of fertilizer
sulfate affects the d34S-SO4

2! values of groundwater sulfate since

Table 3
The d15N-NO3

! and d18O-NO3
! values used in the mixing model and resulting

fractions of each source.

d15N (%)
(NO3)

d18O (%)
(NO3)

Fraction
west

Fraction
east

Chemical fertilizer 1.1 !2.0 0.50 0.26
Manure 14.4 1.0 0.49 0.72
Atmospheric deposition !0.67 52.0 0.01 0.03

Fig. 7. Concentration weighted mean d18O values versus concentration weighted
mean d34S values for groundwater sulfate. Typical ranges of d34S-SO4

2! and d18O-
SO4

2! values of different sulfate sources were taken from Mayer (2005).

D. Kaown et al. / Agriculture, Ecosystems and Environment 132 (2009) 223–231 229
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For example, 
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NO3

- and SO4
2-

(δ18O, δ15N, δ34S) 
can reflect 

different sources of 
N, S in freshwaters 



“Taste 
Fingerprints”: 
forget sodium, 
let’s quantify the 
sources of “bad 
taste”
Megan Rippy, Assistant Professor

Civil and Environmental Engineering

Virginia Tech, OWML



v People prefer water with 
calcium, magnesium, 
sulfate and moderately low 
pH (8), which reduces 
metallic taste

v Water with high sodium, 
chloride, silicon and nitrate 
is least preferred

Many minerals contribute to overall water flavor

Like Water 
Flavor

Estimated from data by Platikanov et al., 2013 



“Pathogen 
Fingerprints”:
library 
independent 
Microbial 
Source Tracking 
(MST) 

Brian Badgley, Associate Professor

School of Plant and Environmental Sci.

Virginia Tech, Blacksburg



Microbial Source Tracking Approaches

• “Library-independent” approaches 
use qPCR to count genetic sequences 
specific to bacteria from particular 
animal hosts (e.g., HF183)

• Most promising in terms of scientific 
validation of accuracy and agency 
support

• Not yet straightforward to link to 
TMDL or epidemiology data, but 
work is progressing in this area



Vision: make the OWML a nexus of 
stakeholder needs and cutting-edge 

water quality research

Stakeholder-
driven 

questions

Research 
grade 

answers

Virginia 
Tech

OWML
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National Science Foundation Engineering 
Research Center (NSF ERC)

• NSF’s “Grand Prize” for Engineering (program 
started in 1985)

• $50M from NSF over 10 years, + matching funds 
from university & industrial partners

• VT had one in Power Electronics (1998 to 2008), 
but none since (a priority for the university)

• This “Gen-4” NSF ERC competition cycle focuses 
on: 
– “Convergent Engineering”
– Societal Grand Challenge
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National Science Foundation Engineering 
Research Center (NSF ERC)

• NSF’s “Grand Prize” for Engineering (program 
started in 1985)

• $50M from NSF over 10 years, + matching funds 
from university & industrial partners

• VT had one in Power Electronics (1998 to 2008), 
but none since (a priority for the university)

• The upcoming “Gen-4” NSF ERC competition cycle 
focuses on: 
– Convergent Engineering
– Societal Grand Challenge



“Convergent Engineering”

“Integrates knowledge, tools, and ways of 
thinking across disciplinary boundaries…to 
form a synthetic framework for tackling 
scientific and societal challenges” also 
requires significant “stakeholder involvement”

National Research Council, “Convergence: Facilitating Transdisciplinary Integration of 
Life Science, Physical Sciences, Engineering, and Beyond” (2014). doi: 
10.17226/18722



NSF ERC Planning Workshop

• I received $100K from NSF to develop the ERC 
bid

• First workshop will take place at Fairfax 
Water’s Griffith Auditorium in Loudoun, VA on 
January 14th (reception the evening before at 
the OWML)

• Two components: (a) a workshop in the
morning; (b) panel discussion in the afternoon

• Please Join us!!



Questions?
Professor Stanley B. Grant
Dept. of Civil and Environmental Engineering 
stanleyg@vt.edu
949-677-9478

The OWML has a new website: https://www.owml.cee.vt.edu/

http://vt.edu
https://www.owml.cee.vt.edu/

