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Funding and thank you

Also, the Air Force Civil Engineer Center for additional support, the 

Town of Mashpee, MA for site access and road maintenance, 

and field help from at least a dozen other people…

USGS Toxic Substances Hydrology Program



• Publicly available USGS 
software published with a 
companion paper in 2022

• Simple spreadsheet logic that 
cross references site 
characteristics with study 
goals to identify applicable 
methods (*and rule out 
others…)

• Framed around three general 
groups of hydrologic settings

• Covers 26 distinct physical, 
chemical, geophysical, and 
drone methods

• Updates underway now to 
explicitly include contaminant 
fate and transport study goals



This example of a geophysical 
methods explanation slide 
features important context such 
as a photo of data collection and 
example data interpretation. Key 
references are mentioned and 
detailed on a summary slide.



Another example of vertical 
temperature profiling methods 
includes example analysis 
software.



Finally, examples of several  
drone-based data types are 
shown along with published 
examples of their 
implementation. 



Case Study Example: Cape 
Cod kettle lake, wetland, 

river system, all coupled via 
multiscale GW/SW 

exchange, with upland 
PFAS sources



Known PFAS source areas across the Air Force Base to the North



PFAS exchanging with kettle lakes and later emerging at river seeps

groundwater 

discharge
hinge

groundwater 

recharge

Modified from USGS Water-Resources Investigations Report 99-4174

Initial hypothesis: Preferential groundwater seepages down gradient from flow-

through lakes will have bulk PFAS concentrations similar to lake water, rather than 

up gradient higher concentration source flowpaths. March 2022 sampling quickly 

indicated a much more complex 'source to seep' system….



Not lake influenced, high PFAS

Lake influenced, high PFAS

Not lake influenced, low PFAS

Lake influenced, low PFASAir Force Base

Preliminary interpretation

High resolution groundwater profiles along the northern bog margin



MST input questions: mainly yes/no, related to the site and the study

The MST output is based on the 
cross reference of study goals 
and project site parameters with 
the capabilities and challenges 
of 26 GW/SW exchange 
characterization methods.



MST output: Identification of suitable methods and contribution to goals



MST output: Identification of suitable methods

Clear output in ‘radio button’ format. 
For this example, all methods may be 
appropriate for the study goals, but a 
few are ruled out due to the site 
characteristics. Though a ‘green check’ 
at this stage is no guarantee of success. 
In reality, EM methods at the site, while 
the instruments functioned well, did not 
yield useful results as the electrical 
contrast between GW and SW was less 
than initially expected. 



MST output: Identification of suitable methods

A matrix of goals and site 
parameters shows which specific 
methods are applicable to specific 
goals (with ‘qualifiers’ highlighted 
in yellow), and what site 
characteristics resulted in methods 
being ruled out. This level of detail 
can help with efficient project 
planning and provide justification 
for the possible need to pivot 
between methods.



Demonstration of data collected across methods at the field site: thermal

Snapshot-in-time a) direct bed 
temperature measurements and b) 
handheld thermal imaging both 
indicate clusters of discrete 
groundwater seepages in the 
wetland area to the north and in a 
natural valley section to the south, 
but little groundwater connectivity 
within a heavily modified golf 
course area.



Handheld thermal infrared pinpoints seeps

Direct temperature measurements and ‘secondary’ indicators also important
(water cress, Fe deposition, sand boils)



Paired air-water annual temperature signals and ‘thermal sensitivity’ 

Air-water temperature 
relationships, based on at least 
several months of time series data 
at single locations, were used to 
map groundwater connected 
reaches at the km+ scale across 
seasons. The analysis metrics 
indicated strong groundwater 
connectivity along the river, 
focused to the wetland and natural 
valley areas.
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Rey et al. in 
prep

Direct bed temperature measurements in the upgradient kettle lake

Snapshots of direct lakebed 
temperature collected along the 
shoreline were used to infer inflow 
and outflow regions in the 
groundwater flow-through kettle 
lake and guide PFAS sampling.



Thermal and terrain mapping with drones 
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Several hundred thermal IR image 
stills collected at multiple angles with 
overlap were processed to create a 
georeferenced thermal orthomosiac 
of the site. Identification of 
groundwater discharge features was 
complicated by rapid warming of 
vegetation as the sun rose above the 
horizon. We were constrained by Air 
Force Base permissions in flying after 
sunrise, but overnight would have 
been ideal. This is not a consideration 
for summer drone IR imaging as cold 
seep targets are unique on the 
landscape.

trees in sunlight

bog in sunlight

bog in sunlight

Winter 2019 drone thermal IR orthoWinter 2022 drone thermal IR ortho

219 ng/L

675 ng/L

134 ng/L

153 ng/L

180 ng/L

201 ng/L

175 ng/L

375 ng/L

487 ng/L

180 ng/L

March 2022 measured bulk PFAS concentrations
at seeps and surface waters

Preliminary data

Thermal mapping with drones over time, used to guide sampling  



Combined the drone infrared data with fiber-optic distributed 
temperature sensing to pinpoint areas to sample at the sub-m scale

March drone infrared data of extensive 
warm groundwater discharge in winter, 
complicated by early AM sunlight on trees.

June fiber-optic temperature data of 
extensive cool groundwater discharge, with 
embedded coldest anomalies, directing the chemical 
sampling and in-situ flux measurements.



Heat tracing methods yield 
interpreted map of preferential 
groundwater seeps 



Estimating vertical discharge flux at the seep locations



Putting PFAS concentrations and GW/SW exchange flux together

Evidence of local hillslope groundwater discharge with 
little to no PFAS, down gradient of the Base.



Although individual seeps show dynamic temporal PFAS fluxes, 
net PFAS loading to the river similar from winter to fall, 2022

Johns Pond
outflow

main channel flow

Correct for pond outflow PFAS loadingStream disconnected from pond by 
fall following summer drought

Similar net loading of total PFAS from groundwater to main channel across seasons



So, what’s up with the tabs for different hydrologic settings??



Localized Seepage Points 

Why would 
coastal settings 
be so different?

'Skin' surface temperature was 
mapped over the site using drone-
based TIR imagery with 
focused anomalies indicating cooler 
groundwater entering the bay during 
the summer. Some apparent cold 
areas may be due to dynamic tidal 
exchange which occurred during the 
survey.



Tidal exchange obscures seepage influence in orthos

groundwater seeps near end of landfill retaining wall

‘short circuit’ seepage from 
tributary channel 

(likely not groundwater)

Handheld thermal IR imaging pinpointed highly focused 
discharge points at low tide in a similar region to FODTS.



Tidal pumping!

Handheld thermal IR video demonstrates dynamic mixing of discharge with surface water and the potential 
for tidal pumping to influence discharge rates.



Towed electrical resistivity survey: EC contrast!

Higher resistivity along southern portion of coastline, 

with localized points ~3-5m depth

• Identifying groundwater seepage zones 
through more resistive electrical 
signatures with depth



Survey 

Direction

Higher electrical resistivity along 

southern portion of coastline

• Investigating electrical resistivity with depth 
(~3m) to highlight contrasts between 
resistive (yellow/red) groundwater entering 
conductive (blue/green) bay water.

Floating EM survey: EC contrast!



GW/SW MST wrap-up
• The GW/SW methods selection tool (MST) can be run on the front end 

of project planning when only general site conditions and study goals 
are available to help with with project scoping and cost estimates

• As local data are collected, the MST input can be refined for more 
specific guidance, and the methods description slides can be consulted 
for important example references and analysis software

• While based on relatively simple spreadsheet logic, the MST harnesses 
the shared knowledge of 10 USGS/EPA subject matter experts

https://water.usgs.gov/water-resources/software/GW-SW-MST/
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