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Abstract. Geochemical data for more than 120,000 oil and natural gas
wells from the major sedimentary basins in the USA are listed in the USGS
National Produced Waters Geochemical Database [1]. In this summary, we
report and discuss the geochemical data on produced waters obtained from
published literature and the Colorado Oil and Gas Conservation
Commission (COGCC) from close to 4,000 new oil and gas wells in
Colorado. We emphasize geochemical data of produced waters from shale
and tight reservoirs that have increased dramatically in Colorado since
2011, due to deep horizontal drilling, downhole telemetry and massive
multi-stage hydraulic fracturing. These operations require large volumes
of fresh water, but contamination of groundwater is the major
environmental concern. Also, induced seismicity caused by water injection
has been reported from several areas in Colorado, including Trinidad,
Raton basin, and Greely, Denver basin. Produced water salinities in
Colorado obtained from unconventional oil and gas wells are relatively
low, generally less than 30,000 mg/L TDS. Produced water salinities from
conventional oil and gas wells overlap those from unconventional wells,
but many wells have higher salinities (up to 90,000 mg/L TDS) and
different chemical compositions.

1 Introduction
Approximately 5 million oil and natural gas wells have been drilled in the USA since
1859, when the first oil well, the Drake Well, was completed near Titusville, Pennsylvania
[2]. Detailed geochemical data are available for many of these wells, including locations,
perforated depths and types of reservoir rocks, together with the chemical and isotopic
compositions of produced waters collected during production of oil and natural gas, or
obtained from drill-stem tests [3]. Such geochemical data for more than 120,000 oil and gas
wells from the major sedimentary basins in the USA, were obtained from published
literature and received from oil companies and state divisions of oil and gas. The data are
listed in the updated USGS National Produced Waters Geochemical Database [1]. These
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data carry large uncertainties and require additional culling and analysis, but the databases
are an important resource for those interested in determining the geochemical nature of
deep formation waters, contamination sources, and impacts of hydraulic fracturing [1].
Approximately 90% of wells in the USGS Database were drilled by conventional
technologies. More recently geochemical data for produced waters have also been obtained
from production of gas and oil from unconventional energy sources that include shale and
very low permeability (<0.1 mD) sandstones as well as coal bed methane (CBM).
Production of oil and gas from shale and tight reservoirs has increased dramatically in the
USA due to recent developments in deep horizontal drilling, downhole telemetry and
massive multi-stage hydraulic fracturing [4-6]. The current version (v2.3) of the USGS
Database [1] contains geochemical data for ~15,000 wells for shale gas, tight oil and gas,
and CBM. The rapidly expanding oil and gas production from shale started in 1991 with a
well in the Barnett Shale of Texas, and spread rapidly to other basins, including the
Appalachian Basin, producing gas from the Marcellus Shale in Pennsylvania starting in
2005, and to Williston Basin producing oil from the Bakken Formation in 2007 [6]. For the
USA in 2017, about 50% of oil and 67% of natural gas productions were obtained from
shale and tight reservoirs. Fracturing horizontal wells is carried out by injecting large
volumes (10,000-40,000 m3/well) of generally fresh water with added proppant (sand or
ceramic) and organic and inorganic chemicals at pressures high enough to fracture the
reservoirs. Fractures, which are kept open by the proppant particles, direct the flow of
petroleum and brine into the well, that direct it to ground level [7-9].
In this summary, we report and discuss the new geochemical data on produced waters
obtained from published literature and the COGCC from ~4,000 oil and gas wells drilled in
sedimentary basins in Colorado. We emphasize geochemical data of produced waters from
CBM, shale and tight reservoirs, which were not included in version 2.3 [1]. These data are
compared with those collected from conventional wells in the state obtained for this study
as well as approximately 2,000 wells reported in [10]. We also discuss the water
requirements for the drilling and hydraulic fracturing of tight reservoirs as well as the
potential for groundwater contamination and induced seismicity associated with this new
important source of energy.

2 Oil and Gas Development in Colorado
Oil and gas development in Colorado started in 1862, and the state has 10 of the nation’s
100 largest natural gas fields and three of its 100 largest oil fields [11]. This abundance is
due to the geology of the state, which includes the large Niobrara shale formation in
northeast Colorado, numerous sedimentary basins (Fig. 1), and significant deposits of
methane-bearing coal [11]. The Niobrara shale is a major reservoir in the Wattenburg, the
fourth largest US oil field in which oil and gas developments have accelerated using
hydraulic fracturing and horizontal drilling starting in 2011 [11, 12]. The San Juan and
Raton basins in southern Colorado contain large quantities of CBM, while the Piceance
basin in western Colorado has large amounts of conventional gas (Fig. 1). There are
currently close to 50,000 active oil and gas wells in Colorado, about half are located in
Weld County, in the Denver-Julesberg Basin, which produces 90% of Colorado’s oil and
1/3 of their natural gas [11].
Production of CBM grew rapidly in the 1990s and typically accounted for one-third of
Colorado’s total gas production. Recent lower natural gas prices have rendered some CBM
wells uneconomic, and production of CBM fell to almost one-fifth of Colorado’s total in
2016 [11]. Colorado has >1/3 of U.S. proved CBM reserves, and nearly all CBM is
produced in the San Juan and Raton Basins (Fig. 1) located in southern Colorado [13].
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For Colorado in 2017, the total oil, water, CBM and total gas (including CBM)
productions were: 120 million bbl, 308 million bbl, 290 billion ft 3 and 1.71 trillion ft3,
respectively. The produced water/oil ratio in Colorado is low, only 2.34 for 2017 [11],
compared to 11 for the USA and 16 for California [2, 14]. The water/oil ratio is much lower
for oil and gas obtained from unconventional wells. Thus, it is only 0.47 for Weld County
with dominantly unconventional production, but higher (18.2) for Garfield County
(Piceance Basin) and higher in 2007 (14.2) before the onset of unconventional petroleum
production [14].
Exploration for and production of oil and gas cause major local surface land
disturbance, air and noise pollution, and habitat fragmentation and other ecological impacts
[15-17]. Potential contamination of surface water and groundwater are the major
environmental concerns [15-17]. However, induced seismicity from produced water

Fig. 1. Salinity (TDS in mg/L) of produced waters in the major sedimentary basins in Colorado.

injection and other production-related activities in Colorado is reported to have increased
dramatically recently in several areas in Colorado, including Trinidad (Raton basin), Greely
(Denver basins), and Bedrock (Paradox Valley) [11, 18].

3 Salinity and Composition of Colorado Produced Waters
Geochemical data on produced waters from ~6,000 oil and gas wells in Colorado are listed
in a table that is too large for this summary, but will be published in v2.4 of the updated
USGS Produced Waters Database [1]. Figure 2 shows the TDS vs depth of midpoint of
perforation of the reservoir rocks for this data set. The reported salinities and chemical
compositions of water for these and similar samples can vary widely with time of sampling,
especially for the ‘flowback’ samples that are, for several months following the start of
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production, a variable mixture of pore formation water and the hydraulic fracturing fluids
[7, 15]. Chemical analyses of formation water from some gas wells, especially those from
reservoirs at temperatures >100 ºC, may not represent the true chemical composition of
formation waters from the production zones because of dilution by mixing with condensed
water vapor coproduced with natural gas. This problem is particularly severe in wells that
produce small volumes of water relative to the amount of natural gas, <0.16 m3 of water per
~3×104 m3 of gas (<10 bbl per million ft3) [3].
Produced water salinities in Colorado obtained from unconventional oil and gas wells
are relatively low, generally less than 30,000 mg/L TDS, and less than 20,000 mg/L TDS
for CBM samples (Fig. 2). Produced water salinities from conventional wells (Fig. 2)
overlap those from unconventional wells, but many wells have higher salinities, up to
90,000 mg/L TDS. Detailed examination of the chemical compositions of produced waters
shows major differences--samples from CBM wells are Na-HCO3 or Na-Cl type waters, but

Fig. 2. Produced water salinity-depth distribution in Colorado conventional and unconventional
fields. Note the low salinity (<20,000 mg/L TDS) of produced waters from CBM wells.

samples from the other unconventional wells are mainly Na-Cl type waters. Conventional
oil and gas wells also produce Na-Cl type waters, but many have higher Ca and lower
HCO3 concentrations that make them Na-Ca-Cl type waters (Fig. 3).
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Fig. 3. Ca concentration vs depth of reservoirs for produced waters in CBM, conventional and
unconventional oil and gas wells in Colorado. Note that mainly samples from conventional wells have
high Ca values, and most of the samples from CBM and unconventional wells plot in the inset figure.

4 Conclusions
The approximately 6000 data points obtained from oil and natural gas wells in Colorado
cover a major gap in version 2.4 of the USGS Produced Waters Geochemical Database [1].
Produced water salinities from ~4000 unconventional oil and gas wells are relatively low,
generally <30,000 mg/L TDS (Fig. 2). Produced water salinities from conventional wells
overlap those from unconventional wells, but many wells have higher salinities, up to
90,000 mg/L TDS, and different chemical compositions (Fig. 3). These and similar data
carry large uncertainties and require additional culling and analyses if used to obtain useful
geochemical data on the scale of petroleum fields and basins. But such databases could
provide an important resource for those interested in determining the general geochemical
nature of deep formation waters, contamination sources, water reuse and other produced
water issues on a basin scale.
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