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Abstract 
 
The geochemistry of produced water recovered from Wolfcampian and Leonardian unconventional 

petroleum reservoirs is useful for addressing several problems encountered during development and 

production operations in the Permian basin of Texas and New Mexico. Produced water geochemistry 

provides insight into the origin of produced water (formation water versus meteoric water and frac fluids) 

and solutes (rock-water interactions). Compositional data facilitate understanding resistivity variations in 

the reservoirs. Water compositional and isotopic data contribute critical information needed for addressing 

specific questions about produced water volumes and their relationship to stratigraphy and reservoir 

communication. These data are also practical for deriving produced water allocation calculations, and are 

necessary for understanding the origin of gas souring in some areas of the Delaware and Midland basins. 

The chemistry and quality of produced water are important factors in detecting corrosion, predicting scale 

tendency, and determining fluid compatibility. Select case studies illustrate these different applications. 

 
Statement of the background 
 
Lower Permian unconventional petroleum reservoirs in the Delaware and Midland basins of west Texas 

and southeast New Mexico, USA, comprise one of America’s most prolific onshore oil and gas regions. 

Approximately one third of the United States’ crude oil comes from the Permian basin making it the 

largest shale-oil producing region in the country. The USGS estimates that > 46 BBO and 280 TCF of 

natural gas are trapped in the Wolfcamp and Bone Springs formations of the Delaware basin alone 

making these unproven, technically recoverable reserves the largest on Earth (Gaswirth, 2018). Although 

these recent reserve estimates are based on geologic knowledge, current technology, and industry 

practices, the economic profitability of unconventional resources in the Permian basin are contingent on 

oil prices, environmental regulation, technology, formation-specific geology, and production costs (Cohen, 

2018). Produced water management has emerged as one of the most critical challenges facing operators 

in the Permian basin and it directly impacts the economics of the play. Gas souring over production time 

is another problem in some areas of Lower Permian reservoir development. The amount of H2S in the 
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produced gas stream dictates separation technology which impacts operational costs. Produced water 

geochemistry provides a necessary tool for understanding the origins of H2S in the reservoirs and 

discriminating natural sour gas sources from those derived from operational practices. 

 
Aims and Objectives 
 
The objectives of our ongoing work are to (1) document the geochemical characteristics of produced 

water recovered from Lower Permian unconventional reservoirs in the Delaware and Midland basins, (2) 

determine the origin of the produced waters and their solutes, (3) ascertain the utility of the geochemical 

data for investigating reservoir communication, formation water mixing, and produced water allocation in 

the region, and (4) employ produced water and frac water geochemical data in the determination of the 

sources of H2S in the reservoir fluids. 

 
Materials and methods 
 
Our current produced water database for the Permian basin includes analyses of 112 water samples 

collected from 81 wells in the Delaware and Midland basins. Nineteen of the samples are from time-lapse 

geochemical surveillance of produced fluids in specific oil and gas fields. The database also includes 

analyses of 12 formation water samples extracted from core, one bottom hole (MDT) water sample, and 

12 frac water samples. Supporting data incorporated into this work include chemical and isotopic 

composition of co-produced gases and both High-Resolution Gas Chromatography (HRGC) and 

elemental analyses of co-produced oil in select wells in which gas souring is a problem. We also utilized 

rock geochemical (TOC and programmed pyrolysis) and petrologic analyses of reservoir core samples to 

facilitate our interpretations. 

All of the water samples were analyzed for chemical composition and physical properties. Compositional 

analyses included major cation and anion concentrations as well as the concentrations of 10 common 

metals. The chemical composition of the produced water samples was determined by Inductively Coupled 

Plasma-Optical Emission Spectroscopy (ICP-OES) for the cations (excepting ammonium) and by ion 

chromatography (IC) for the anions and ammonium. Physical properties determinations included pH, 

alkalinity, conductivity, resistivity, density, and total dissolved solids (TDS).  

Isotopic analyses included δ18O and δD of the water samples, δ34S of dissolved sulfate and sulfide, δ13C 

of dissolved inorganic carbon (DIC), and 87Sr/86Sr of select samples. All isotopic analyses excepting the 
87Sr/86Sr measurements were performed at Isotech Laboratories in Champaign, Illinois, USA. Details of 

the instrumentation and procedures are available at http://www.isotechlabs.com/. Strontium isotope 

analyses were performed at either the University of Illinois in Champaign or at the University of Houston 

in Houston, Texas, USA.  

 

Results and discussion 
 

Most of the produced water samples have high δ18O and δD with moderate to high TDS and high 

concentrations of Na+, Cl- and Br-, with notably less Na+ than Cl- on a molar basis. Interestingly, some 

formation waters have low TDS. All of the produced water samples are interpreted as forming from highly 

evaporated seawater during precipitation of Late Permian evaporites (Figure 1). Strontium isotope data 

confirm this common source of the water. These dense fluids mixed with and displaced the original Lower 

Permian reservoir formation waters during gravity-driven influx along relatively permeable flow paths 

through the carbonate platform on the basin margin (Engle and others, 2016; Saller and Stueber, 2018). 

http://www.isotechlabs.com/
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Low salinity in some of these waters is probably the result of post-illitization diffusion of evaporated Late 

Permian seawater into the mudrock reservoirs (Engle and others, 2016). Frac water samples have low 

δ18O and δD, although some surface supply sources exhibit slight isotopic enrichment due to evaporation. 

Mixing of natural reservoir brines with frac fluids yields produced water with intermediate to low δ18O and 

δD, high TDS, and variable Na+, Cl- and Br- concentrations. Isotopic compositions can also indicate 

drilling mud invasion in water extracted from core. Time-lapse geochemical monitoring of select wells over 

periods of weeks to months confirms previous observations of formation water flowback in the initial fluids 

recovered after completion operations followed by iterative frac water returns mixed with formation water 

over production time (Laughland and others, 2014).     

Zonal variations in water isotope composition may reflect resolvable differences in formation water 

produced from discrete stratigraphic intervals. Wolfcamp formation water recovered from core exhibits a 

minor trend of increasing δD with depth in the Delaware basin. Strontium isotope results from both the 

Delaware and Midland basins, while mostly reflective of Late Permian mineral sources, consistently show 

discrete differences between principal reservoir intervals. Combined use of common solute 

concentrations, common metal concentration distributions, and stable isotope parameters in multivariate 

statistical analyses facilitate the recognition of stratigraphic variations and reservoir communication in the 

produced water samples. These data expedite produced water allocation calculations when reliable end 

member water geochemistry is available. 

Compositional data analysis (CoDa; see Blondes and others, 2015) reveals that sulfate reduction was a 

significant process in determining the composition of most produced water samples recovered in the 

Permian basin (Engle and others, 2016; this study). Biological sulfate reduction (BSR) played a major role 

in generating H2S at a regional scale during Neogene time (Kirkland, 2014). Migration and accumulation 

of H2S has resulted in sour gas fields and related geohazards in some parts of the basin (Hill, 1995a and 

b; Anderson and Mueller, 2019). Operational gas souring over production time due to BSR in drilling fluids 

or hydraulic-fracturing fluids and to fracture-induced communication between target reservoirs and H2S-

bearing stratigraphic intervals is problematic in some fields as well (Xia and Ellis, 2016). Combined 

application of produced gas and water isotope geochemistry is a powerful tool for discriminating natural 

H2S occurrences from operational gas souring in the Lower Permian unconventional reservoirs. This is 

particularly true of time-lapse geochemical observations which document increased gas souring over 

production time accompanied by relatively higher proportions of frac water returns in the produced fluids.   

Several produced water compositional parameters are important factors in detecting corrosion, predicting 

scale tendency, and determining fluid compatibility. Scaling parameters include Ca, Ba, Sr, chloride and 

sulfate concentrations as well as dissolved CO2, H2S, and O2 concentrations.  The most important 

corrosion parameters are pH, Fe, Mn, and bicarbonate and carbonate concentrations along with 

dissolved CO2, H2S, and O2 concentrations.       

 
Conclusions 
 

The produced water geochemistry of Lower Permian unconventional reservoirs in the Permian basin of 

west Texas and southeast New Mexico, USA provides practical insight into (1)  the origin of formation 

water and its solutes, (2) resistivity variations upon which hydrocarbon saturation calculations depend, (3) 

produced water volumes and their relation to stratigraphy, (4) reservoir communication, (5) produced fluid 

allocations,(6)  natural versus operational sour gas production, and (7) scale and corrosion tendencies in 

oil and gas wells.   
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Figure 1: Plot of δ18O versus δD for produced water, frac water, core extract water, and bottom-hole sample water samples from various Lower 

Permian unconventional reservoirs in the Midland and Delaware basins, Texas and New Mexico, USA. Circle symbols represent samples from 
core extracts and the different colors represent different Bone Spring and Wolfcamp reservoir intervals. See Engle and others (2016) and Saller 

and Stueber (2018) for background on the Global Meteoric Water Line and the seawater evaporation trajectories indicated by the thick black 

arrows. Thin black arrows indicate the trajectories of observed shifts in isotope compositions over production times of weeks to months. MDT – 
Schlumberger Modular Formation Dynamics Tester downhole fluid tool. 
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