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Wastewater production footprint of 
conventional and unconventional oil and  
gas wells in North America

Ashkan Zolfaghari1,2, Joel Gehman    3, Andrew J. Kondash4,5, 
Kurt O. Konhauser    1, Yong Sik Ok    6, Avner Vengosh    4 & Daniel S. Alessi    1 

Hydrocarbon recovery from conventional and unconventional wells, such 
as those using hydraulic fracturing (HF), generates substantial volumes of 
highly saline wastewater, known as flowback and produced water (FPW). 
Traditional evaluations of FPW management have focused on volume and 
chemical additives in HF fluids, neglecting variations in FPW volumetric 
production and salinity. Here we introduce two parameters to better 
assess the environmental impact of FPW: total produced salts (TPS), which 
accounts for both volume and salinity, and produced salts intensity, the 
ratio of TPS to the energy content of recovered hydrocarbons. Analysing a 
database of over 620,000 HF and conventional wells in North America, we 
found that more than 355 billion tonnes of salts were produced from 2005 
to 2019, with HF wells contributing over 85%. Projections indicate that more 
than 1.5 trillion tonnes of salts will be produced by wells drilled between  
2019 and 2050, predominantly from HF wells. TPS and produced salts 
intensity are crucial for assessing environmental risks, treatment costs  
and resource extraction potential, providing valuable metrics for  
regulators and planners.

Most oil and gas are extracted from conventional reservoirs, character-
ized by permeable rocks containing hydrocarbons that have migrated 
from a source rock. Unconventional reservoirs, in contrast, are typi-
cally within the source rock itself, where organic matter has formed 
hydrocarbons. Conventional wells tap into permeable rock forma-
tions typically using natural pressure to extract oil and gas, requiring 
minimal intervention. Unconventional wells target hydrocarbons in 
less-permeable formations such as shale, using specialized methods 
such as hydraulic fracturing (HF) and horizontal drilling to extract 
hydrocarbons1,2.

During HF, large volumes (10,000–75,000 m³) of fluid, mostly 
water, are injected into the reservoir to create fractures that facilitate 
hydrocarbon flow from low-permeability matrices into the well3,4. 

This process brings a mixture of hydrocarbons and water to the sur-
face, including injected water (flowback water) and formation water 
(produced water). The high salinity and contaminants in flowback 
and produced water (FPW) pose environmental concerns, includ-
ing elevated concentrations of radioactive, toxic and carcinogenic 
materials in effluents from treatment plants, surface releases and 
contamination of water resources5,6. Disposal of FPW in deep wells, 
the preferred and most cost-effective method, accounted for 93% of 
FPW disposal in the USA in 2015 (ref. 7). Although the salinity of FPW 
does not impact disposal processes, it permanently removes water 
from the near-surface hydrologic cycle. FPW is also used for on-site 
applications such as pressure maintenance or mixed with freshwater 
for future fracturing activities8.
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Analysing FPW rate and salinity separately may lead to contradictory 
environmental assessments.

We assembled a database of over 620,000 wells in the USA and  
Canada to screen wells with available production data for a comprehen-
sive comparative analysis between HF and conventional wells. We devel-
oped a new basin-scale parameter, total produced salts (TPS), combining 
time-dependent volumetric and salinity data of FPW. TPS, accounting 
for both volume and salinity, is a more effective tool for understanding 
the potential environmental impacts than volume or salinity alone. TPS  
can serve as a base parameter for analyses involving salinity or volu
metric wastewater data. For instance, measuring TDS is necessary  
for toxicity assessments, and TPS could be combined with lethal  
concentration parameters (for example, LC50) to conduct a basin- 
scale evaluation of salt production and potential toxicity over time.

The TPS parameter could be useful for assessing the extraction of 
valuable resources, such as lithium and bromine20,21, from industrial 
wastewaters, including FPW. The rising demand for lithium, driven 
by the electric vehicle industry and grid storage needs, has led to the 
exploration of new lithium sources22,23. TPS analysis offers a first-order 
assessment of metal extraction potential using existing volumetric and 
water chemistry data, as lithium is not typically measured in brines.

High TPS (or TDS) levels can serve as an initial criterion for 
resource assessment, but high TDS alone does not guarantee viable 
mineral extraction. Additionally, TPS data can be interpreted in the 
context of produced salts intensity (PSI) to compare and assess the 
environmental footprint and sustainability of conventional and uncon-
ventional hydrocarbon recovery processes.

Database analysis
A comprehensive dataset of 2.1 million wells was created by combining 
data from conventional and HF wells drilled in Canada and the USA.  
For Canadian wells, the AccuMap, GeoScout and FracFocus databases 

The first few weeks of production, known as the flowback stage, are 
crucial for FPW management, with up to 50% of wastewater production 
occurring during this period. From 2011 to 2016 in the USA, water use 
per HF well and FPW production in the first year increased by 770% and 
550%, respectively9. This rise is largely due to drilling longer horizontal 
wells requiring more fracturing stages. Typically, 2,000–10,000 m³ of 
wastewater is produced within the first three days of flowback10. Early 
wastewater volume depends on formation lithology and well lateral 
length, often resulting from wellbore unloading and fracture clean-up. 
Formations with lower clay content, fractured with slickwater, generally 
produce more water than clay-rich formations11. Managing, treating 
and disposing of large FPW volumes in a short time is a major challenge 
for the oil and gas industry, posing environmental and health risks.

FPW is saline to hypersaline and contains potentially toxic compo-
nents such as barium, strontium, arsenic, selenium, radioactive materi-
als and organic compounds12,13. Total dissolved solids (TDS) in FPW may 
contribute to acute toxicity, while the presence of organic compounds 
may cause chronic toxicity14. Although average FPW salinity in plays like 
the Niobrara Formation of Colorado, Kansas, Nebraska and Wyoming 
is relatively low (~30,000 ppm)15, salinity typically increases during 
flowback and stabilizes after months. In some formations, FPW salin-
ity can reach 400,000 ppm (ref. 16), over ten times that of seawater 
(35,000 ppm). This high salinity reflects the formation water’s inher-
ent salinity within the shale matrix due to relict evaporated seawater 
and extensive water–rock interactions under high temperature and 
pressure.

Estimates suggest that natural gas production in the USA will 
grow by 7–9% over the next five years, largely due to increased shale 
gas extraction17. Water-cut analysis, which assesses hydrocarbon 
recovery performance, represents the volumetric ratio of produced 
water to total liquids. The water cut typically increases over time, while 
FPW volumetric production decreases and FPW salinity increases18,19. 
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Fig. 1 | Geographical distribution of conventional (red) and unconventional 
HF (blue) wells in major basins in North America (grey area) having a 
reported hydrocarbon recovery technology. Among >2.1 million oil and 
gas wells registered in the databases described in the ‘Database analysis’, 

hydrocarbon recovery technology and production (oil/gas/water) data are 
available for 626,000 wells. The wells in the USA that are indicated on the map are 
selected on the basis of Approach I (‘Database analysis’ section).
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were integrated. AccuMap and GeoScout provide FPW volumetric 
production, salinity data and formation type. However, details on frac-
turing jobs are often missing, so FracFocus complements this informa-
tion. Wells in these databases are identified by a unique well identifier 
number, used to cross-reference data. In Canada, 894,715 wells were 
registered, with 519,312 located in the Western Canadian Sedimentary 
Basin (WCSB) that were drilled after 1990. Of these, 127,631 are con-
ventional wells and 16,871 are HF wells, with the rest having unknown 
recovery statuses (Supplementary Table G1). For sustainability analysis 
of the HF water cycle, the database was further refined to include only 
wells with available wastewater production data for the first two years 
of operation, narrowing the count to 46,278 conventional and 15,033 
HF wells. The first two years of production data were used because 
the FPW volumetric rate and salinity typically stabilize after two years 
(Supplementary Appendix D).

A major gap in public oil and gas databases is the inconsistent 
information on well formation types, making it challenging to distin-
guish between conventional and unconventional wells. Therefore, 
this study employs various methodologies to identify well types using 
available data.

For US wells, two approaches were used to identify HF and con-
ventional wells. Approach I combined FracFocus, Enverus (formerly 
DrillingInfo), and USGS produced water databases. DrillingInfo pro-
vided data on wells drilled from 1990 to 2019 and initial production 
data for oil, gas and produced water for eight major shale basins in 
the USA (Fig. 1). Since DrillingInfo does not distinguish well types, 
Approach I assumes all horizontal wells are HF wells and all vertical wells 
are conventional. By the end of 2019, there were 371,891 conventional 
and 110,246 HF wells in the USA with production data (Supplemen-
tary Table G1). Water use data were extracted from FracFocus, and 
salinities were calculated from USGS data. The salinity for FPW from 
HF wells in the Barnett Formation (Fort Worth Basin) was estimated 
at 150,000 mg l−1. Among over 2.1 million wells in the North American 
database, about 626,000 have reported hydrocarbon recovery tech-
niques (HF or conventional) (Supplementary Table F1).

Implementation of Approach I for identifying HF and conven-
tional wells provides reasonable estimates for well count numbers 
in the USA (Supplementary Fig. F1). However, some vertical wells are 
hydraulically fractured, and some conventional processes (for exam-
ple, steam-assisted gravity drainage) use horizontal wells. To validate 
Approach I, we gathered state-by-state well completion, production 
and water chemistry data from state regulators. Parameters such as well 
orientation, injection volumes, formation type, fracturing stages and 
perforations were used to distinguish between HF and conventional 
wells. Detailed screening parameters and statistical data are in Supple-
mentary Table F1. Both methods (Approaches I and II) yielded similar 
counts of HF and conventional wells (Supplementary Fig. F1). Therefore, 
this study reports results from Approach I (‘Results and Discussion’), 
with Approach II results in Supplementary Appendices C and D. Data 
supporting this study are within the paper and supplementary files (see 
‘Data availability’). The original production data for wells in the USA are 
proprietary and available through Enverus, with non-proprietary data 
for over 140,000 wells available at https://dataverse.scholarsportal.
info/privateurl.xhtml?token=632a445c-1c31-47e1-bbdb-132432d2e87f.

Results and discussion
FPW
Our analysis shows that an average HF well typically produces greater 
volumes of FPW than an average conventional well (Supplementary 
Fig. G1), which poses environmental and management challenges. 
Among major North American basins, the Permian Basin generates  
the highest FPW volume per well, with a typical HF well producing  
about 30,000 m³ of FPW in the first year, 5.5–12.2 times more than other 
basins (Supplementary Fig. G1a). Most FPW volume is produced in  
the early stages of HF operations, with the first year accounting for over 

50% of the FPW generated in the first five years. In contrast, a typical  
conventional well produces less than 25,000 m³ of wastewater in the 
first five years and about 5,500 m³ after five years, roughly 40% of  
the FPW from a typical HF well. These findings align with existing  
literature24.

It is important to note that the FPW volumetric data shown in 
Supplementary Fig. G1 are average values, and conventional recovery 
techniques such as water flooding are also water-intensive, consum-
ing and producing substantial volumes of water25. Additionally, the 
reported data in each basin represent average values, but the ranges of  
FPW production vary widely. For example, the cumulative FPW volume 
after six months for HF gas wells in the Horn River Basin (Canada) 
ranges from approximately 6,000 m³ to 72,000 m3, with an average  
of ~28,000 m³. This variation is normal, and averaging large datasets  
is a scientifically sound approach to mitigate noise in field data26.

Salinity
The TDS content of FPW is essential for selecting water treatment 
techniques6,27 and determines its potential toxicity14,28–30. FPW is also 
an emerging source for extracting valuable elements such as lithium 
and bromine21,23, with TDS as a potential measure for resource extrac-
tion. Additionally, many inorganic contaminants in FPW (for example, 
ammonium and radium) are directly correlated to salinity1,31.

The median TDS content of FPW from HF and conventional wells 
in major North American basins is shown in Supplementary Fig. G2. 
Wells in the Williston Basin have the highest salinity, with TDS around 
255,000 mg l−1 for HF wells and 270,000 mg l−1 for conventional wells. 
In the Denver, Permian and WCSB basins, HF wells have higher salinity 
than conventional wells. Conversely, in the Anadarko, Appalachian, 
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Fig. 2 | Cumulative total produced salts in selected North American basins. 
a,b, TPScum for average HF (a) and conventional (b) wells in major basins in  
North America. FPW data are not available for wells in the Arkoma, Ft. Worth,  
San Joaquin and Texas-Gulf basins. The scales of the y axes in a and b differ to 
better illustrate the TPScum data.
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Arkoma and Williston basins, conventional wells generate more 
saline wastewater than HF wells. The median TDS for wastewater from  
conventional wells in the Denver Basin and WCSB, and HF wells in  
the Anadarko and Arkoma is about 20,000 mg l−1 lower than in other 
North American plays.

TPS
The volumetric amount of produced water primarily influences scale, 
and salinity typically guides wastewater treatment technology selec-
tion. Quantification of solid waste in oil and gas wastewater depends 
on various factors, including drilling techniques, production man-
agement, reservoir geology, well type and target hydrocarbon32. We 
propose using TPS, which considers volume and salinity, as a measure 
to quantify industry-generated solid waste. TPS informs wastewater 
management and policymaking at the play or basin scale. Cumula-
tive TPS (TPScum) can be calculated as FPWcum × TDSave, where FPWcum is 
cumulative FPW volume (m³) and TDSave is average TDS (10−6 mg l−1) of 
FPW. TPS characterizes induced fracture networks from HF33, informs 
environmental practices and identifies resource extraction opportu-
nities from FPW. Average FPW salinity from HF wells stabilizes after 
several months18,34, making TDSave representative of FPW salinity in 
the first six months post-HF. We use TDSave for TPS calculations as it 
reflects overall FPW salinity from HF wells24.

TPScum over the first five years of operation for typical HF and 
conventional wells in major North American basins is shown in Fig. 2. 
HF wells generate more salts than conventional wells, often one to two 
orders of magnitude higher (Supplementary Fig. A1). For example, an 
average HF well in the Denver Basin produces over 100 times more salt 
in the first year than an average conventional well in the same basin 
(Supplementary Fig. A1). HF wells in the Permian and Williston basins 
have the highest TPScum values, with an average HF well generating over 
5,000 tonnes of salts after five years (Fig. 2a).

TPS values typically stabilize after the third year of production 
(Supplementary Fig. E1b). From 2005 to 2019, wells in North America 
produced nearly 355 billion tonnes of salts, with HF wells contribut-
ing about 314 billion tonnes (~88% of TPScum). Managing this salt mass 
is challenging, especially with increasing FPW treatment, recycling  
and reuse efforts4,35. Technologies such as direct osmosis desalination 
and evaporation/crystallization, which can handle up to 3,785 m³  
per day, are effective for meeting effluent TDS limits of 500 mg l−1,  
generating about 400 tonnes of salt waste daily16,36. Elements in 
FPW, such as radium, also require additional separation to prevent  
scaling and environmental hazards1,37. The increase in salt production 
(Fig. 2) and projected growth in HF activity (Supplementary Fig. B1)  
will probably increase pressure on waste disposal and treatment 
facilities.

Despite environmental concerns with high FPW volumes and 
challenges in disposal and treatment, FPW offers resource extraction 
opportunities20,23. The growing demand for lithium, driven by the 
electric vehicle industry, highlights the need for new resources. Labora-
tory data show promise for large-scale lithium extraction from FPW21. 
Given the substantial FPW volumes, recovering rare earth and lithium 
resources from wastewater may be feasible in many instances38–40, with 
salinity serving as a first-order estimate for evaluating resource poten-
tial. Establishing a commercial extraction unit requires understanding 
the available and recoverable resources, and TPS analysis provides an 
approximate measure for potential valuable metal separation from 
industrial wastewater.

Evaluating the environmental footprint of FPW based on volumet-
ric production and TDS level is challenging. FPW production in HF wells 
declines after six months, remaining low for the lifetime of the well24,41. 
For reservoirs using fresh water for HF, FPW salinity is initially low but 
rapidly matches the salinity of formation water after a few months18,24. 
While FPW from both conventional and HF wells generally have similar 
TDS levels (Supplementary Fig. G2), TPS analysis highlights the higher 

TPS in HF wells compared to conventional ones (Fig. 4 and Supple-
mentary Fig. A1). Thus, if TPS is a proxy for environmental impacts, 
HF activities have greater environmental footprints related to FPW 
production than conventional methods.

Produced water intensity
Produced water intensity (PWI) is a common parameter for assess-
ment of the environmental impacts of the FPW production42. PWI is 
defined as

PWI = FPWcum
Ep

, (1)

where Ep is the cumulative produced energy units. Assuming aver-
age energy contents of natural gas and oil are 1.0836 GJ mcf−1 and 
6.0679 GJ bbl−1, respectively43, the PWI is typically higher for HF wells 
than conventional wells (Fig. 3) after the first year. For instance, in the 
Denver Basin, PWI values for HF and conventional oil wells are 14.4 and 
5.4 l GJ−1, respectively. Similarly, PWI for HF and conventional gas wells 
in the Denver Basin are 7.6 and 2.1 l GJ−1, respectively. As oil/gas/water 
production rates vary, PWI changes over time. For example, PWI of an 
average HF oil well in the WCSB drops from 3.0 l GJ−1 after the first year 
to 2.74 l GJ−1 after the second year, reflecting higher oil and gas produc-
tion from HF wells over conventional wells44. Nonetheless, increasing 
HF wells and associated FPW volumes and TPS intensify disposal and 
management practices.

100
a

75

50

PW
I (

l G
J−1

)

25

0

Anad
ark

o

An
ad

ar
ko

Ap
pa

la
ch

ia
n

D
en

ve
r

Pe
rm

ia
n

Sa
n 

Jo
aq

ui
n

W
C

SB

An
ad

ar
ko

D
en

ve
r

Pe
rm

ia
n

Sa
n 

Jo
aq

ui
n

W
C

SB

W
ill

is
to

n

Appala
chian

Denve
r

Perm
ian

San
 Jo

aq
uin

Willi
sto

n

WCSB

Anad
ark

o

Appala
chian

Denve
r

Perm
ian

San
 Jo

aq
uin

Willi
sto

n

WCSB

100

HF gas well
Conventional gas well

HF oil well
Conventional oil well

75

50

15

10

5

0
PW

I (
l G

J−1
)

25

0

15

10

5

0

b

Fig. 3 | Comparison of produced water intensities for hydraulically fractured 
and conventional wells in selected North American basins. a,b, PWI for 
average HF and conventional oil (a) and gas (b) wells in major basins in North 
America. To better depict the ranges of PWI, Williston and Appalachian basins  
are excluded from insets of a and b, respectively. PWI are calculated on the basis 
of the first year of production data.
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PSI
While PWI assesses the water footprint of oil and gas wells, it  
only considers volumetric FPW production. To also account for  
salinity variations, we propose a produced salts index (PSI) parameter 
representing the ratio of TPS to the energy content of recovered  
hydrocarbons (equation (2)).

PSI = TPScum
Ep

(2)

The data show that HF wells have lower average PSI than conven-
tional wells in several North American basins (Fig. 4). However, PSI 
and PWI analyses can lead to opposite conclusions. For example, an 
average HF oil well in the Appalachian Basin has a lower PSI but a higher 
PWI than a conventional oil well (Figs. 4a and 3a). This suggests that 
HF wells might have lower environmental impacts than conventional 
wells when considering both volume and salinity. The differences can 
be explained by the high salinity of wastewater from conventional wells 
(median TDS ~186,000 mg l−1) compared with HF wells (median TDS 
~106,766 mg l−1; Supplementary Fig. G2). PWI does not account for TDS, 
whereas PSI combines salinity and volume, resulting in higher PSI for 
conventional wells. This difference is more pronounced in gas wells, 
with HF wells in the Anadarko, Appalachian and WCSB showing lower 
PSI than conventional wells, indicating fewer salts per unit of energy 
recovered through HF operations.

Our analysis of North American wells via two independent data-
base approaches shows that using PSI analysis to evaluate environmen-
tal impacts indicates HF processes have a smaller energy-normalized 

footprint than conventional methods, contrary to PWI analysis (Fig. 3). 
While PWI provides insights into wastewater production intensity,  
it may overlook factors such as FPW salinity. A holistic evaluation 
requires integrating salinity data into PWI analysis (that is, PSI analysis), 
giving regulators a more complete understanding of environmental 
impacts.

Future wastewater and salts production
Estimates of future wastewater and salt production from conventional 
and HF wells aid regulatory entities, environmental agencies and opera-
tors in planning FPW handling, treatment and disposal. For example, 
the Alberta Energy Regulator is assessing technology-based effluent 
limitations and water chemistry requirements for the oil sands industry 
to regulate treated oil sands process-affected water discharge. Similar  
approaches are expected for managing FPW from HF operations, incor-
porating (1) FPW chemical composition and volume assessment (TPS) 
to mitigate toxicity and (2) technology-based effluent limitation estab-
lishment aligned with treatment technologies.

This study offers an alternative analysis method to enhance under-
standing of environmental impacts from conventional and unconven-
tional wells, supporting regulators and environmental agencies in 
crafting targeted regulations. Nonetheless, case-by-case evaluation 
remains vital for addressing environmental incidents. We combine 
drilling rates of new HF and conventional wells with dynamic waste-
water production and salinity data to forecast future FPW and TPS 
production. Supplementary Appendix E presents production data 
from 50 randomly selected wells in the WCSB during their initial five 
years, demonstrating temporal changes in FPW and TPS (Supplemen-
tary Appendix E).

The annual drilling of HF and conventional wells (Supplementary 
Appendix B) can be combined with FPWave and TPSave data (Figs. 2  
and 4) to forecast future FPW and TPS production in the oil and gas  
sector. Pre-2012, most drilling focused on conventional reservoirs 
(Fig. 5), but since then, over 70% of new wells use HF. Despite reduced 
drilling post-2015 due to low oil prices (Supplementary Appendix D), 
HF operations are anticipated to rise due to growing energy demand45. 
These projections overlook short-term coronavirus disease 2019 
impacts. Global oil demand fell by 90,000 bbl per day in 2020 due  
to the pandemic46, but rebounded in 2021 (ref. 47). Using logarith-
mic regression on HF well data from 1990 to 2020 (Supplementary  
Appendix B), future HF well numbers are estimated, assuming a 70% 
share in drilling, similar to the 2012–2019 period. This estimation, 
combined with FPWave and TPSave data, predicts FPWcum and TPScum in 
major North American basins (Supplementary Appendices C and D)

Geopolitical decisions may impact future HF activities and well 
drilling. Stricter regulations or bans on HF could reduce new well num-
bers, while relaxed regulations might increase them. Global events 
such as the Russia–Ukraine conflict and rising energy demand affect 
energy prices, incentivizing the HF industry. Regulatory changes, such 
as freshwater usage restrictions, can alter FPWcum estimates. Stricter 
rules may promote FPW recycling, affecting FPWcum projections, while 
lenient regulations may raise freshwater consumption and FPW pro-
duction, impacting future estimates.

Two scenarios are used to predict future wastewater and salt pro-
duction by 2050 in North America. The first scenario considers all wells 
drilled after 1990 for FPW estimation, excluding those drilled before 
1990. FPW generation per basin is calculated by multiplying the aver-
age FPW volumetric rate per well with the number of wells. FPWcum data 
for the first two years are used for the calculations as volumetric rates 
stabilize thereafter. A logarithmic regression estimates the annual 
number of HF wells from 1990 to 2018, projecting HF wells from 2019 
to 2050. Conventional wells are assumed to be 30% of the total annual 
new wells, representing the current ratio of HF to conventional wells.

In the second scenario, only new wells drilled after 2018 are 
considered, excluding those drilled before 2018. Assumptions for 
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projecting future well numbers and average FPW production remain 
consistent across both scenarios. By 2050, FPWcum in North America 
will predominantly come from HF wells, as indicated by Fig. 6a,c. In 
the first scenario, HF wells are projected to generate 25–29 billion m3 
of wastewater between 2018 and 2050, which is about 60% of the total 
estimated wastewater production by oil and gas wells. Assuming the 
HF growth rate from 2015 to 2019, the second scenario suggests that 
HF wells drilled after 2018 will produce approximately 14–16 billion m3 
of wastewater by 2050, significantly more than expected from con-
ventional wells during the same period. Additionally, the HF industry 
increasingly focuses on drilling longer horizontal wells with more frac-
turing stages48, potentially resulting in higher wastewater production 
per HF well9. Detailed FPWcum estimates for each basin in North America 
by 2050 are provided in Supplementary Appendix C.

By 2050, HF wells in North America are estimated to generate 
2.8–3.2 trillion tonnes of TPScum (first scenario) and 1.5–1.8 trillion 
tonnes (second scenario). In the second scenario, where only post-2018 

wells contribute, HF wells will probably account for around 97% of 
TPScum from North American basins by 2050 (Fig. 6b). Detailed TPScum 
estimates for each basin are in Supplementary Appendix D.

Since the ‘shale revolution’ began in 1997 (ref. 49), social accept-
ance of unconventional shale development remains essential for 
stakeholders50–52. To address concerns about sustainable energy, TPS 
and PSI could serve as metrics to gauge and compare the environ-
mental impacts of industrial wastewater production. For instance, 
regulators might set basin-level ‘salt budgets’ to spur innovation 
in FPW management, investors could benchmark operators using 
TPS to foster better practices, and regulators could leverage PSI to 
assess the efficiency of operators in wastewater production and its 
costs. (Fig. 7).

Our proposed metrics, TPS and PSI, offer new tools for evaluating  
the environmental impacts of industrial wastewater production. 
Besides their relevance to regulators and environmental groups, 
these metrics could help the energy industry communicate and con-
textualize its impacts more effectively. For instance, the FracFocus 
chemical registry has been criticized for its complexity in present-
ing HF information53,54. TPS and PSI offer a simple evaluation metric 
facilitating communication across various scales. Similar to PM2.5 
air-quality measures, envision a map where each county or municipal-
ity is colour-coded on the basis of TPS and PSI levels. Such an approach 
could enable average citizens to readily grasp risk information associ-
ated with TPS and PSI, a feat not achievable with current industry data 
presentations.

The database provided in this study enables large-scale assess-
ment of environmental and economic challenges linked to oil and gas 
wastewater production. For example, temporal wastewater production 
data can be combined with hydrocarbon production data to evalu-
ate long-term well profitability. Additionally, by combining the FPW 
database with average trucking distances, total greenhouse gases 
emissions during transportation can be estimated. Furthermore, FPW 
temporal data are commonly utilized to assess oil and gas recovery 
process performance and estimate well water recovery55–59. This data-
base could potentially serve as a foundation for assessing well water 
recovery at a basin level.
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Summary and conclusions
The hydrocarbon recovery industry faces significant sustainability 
challenges, notably the generation of large volumes of saline FPW. 
Traditional methods assess wastewater impacts separately through 
volumetric analysis or salinity tests, yet applying these to field data is 
complex due to the variations in volumetric rate and salinity of FPW over 
time. This study introduces a novel parameter, TPS, that considers both 
volume and salinity changes in FPW to evaluate its environmental foot-
print. Using data from over 2.1 million oil and gas wells, including both 
conventional and HF, we applied the TPS approach to over 620,000 
wells across nine major North American basins. Results show HF wells 
contributed over 85% of TPS between 2005 and 2019. Projections sug-
gest new wells drilled after 2019 could produce over 1.75 trillion tonnes 
of salts by 2050, with HF wells accounting for 97% of this. Additionally, 
extending TPS to include PSI offers a tool to gauge the environmental 
impact of wastewater production and assess the sustainability of HF 
operations. Using TPS and PSI parameters, alongside considerations 
of disposal options, water availability, treatment technologies and 
costs, provides valuable metrics for evaluating industry sustainability.

Data availability
All the non-proprietary data used in this study can be found at  
https://dataverse.scholarsportal.info/privateurl.xhtml?token=632a445c- 
1c31-47e1-bbdb-132432d2e87f, which contains monthly production 
data for HF and conventional oil and gas wells in Canada. The produc-
tion data for US wells are proprietary and can be obtained through 
https://www.enverus.com/.
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