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Executive Summary: 
This study is a joint effort by the University of Wyoming (UW), the UW Engineering 
Department (UW-ENG), and Idaho National Laboratories (INL) and the United States 
Geological Survey to describe rare earth element concentrations in oil and gas produced waters. 
In this work we present the Rare Earth Element (REE) and trace metal character of produced 
water in several oil and gas fields and three coal fired power stations. power stations. 
The concentration of Rare Earth Elements (REEs) in oil and gas produced waters is largely 
unknown. For example, of the 150,000 entries in the USGS National Produced Waters 
Geochemical Database less than 5 include data for REEs. Part of the reason for this deficit is the 
analytical challenge of measuring REEs in high salinity, hydrocarbon-bearing waters. The 
leading industry standard for water analysis struggles to detect REEs in natural waters under 
ideal conditions. In the complex samples of oil and gas fields, where background noise and 
interferences are worsened by the high concentrations of non-REE ions and residual 
hydrocarbons, the detection of REEs becomes even more challenging. INL project team 
members continue to refine and develop these methodologies throughout the course of this work. 
Using the methods of the INL team members we were able document REEs in high salinity oil 
and gas waters for the first time. 
 



Preliminary results show that REEs exist as a dissolved species in all waters measured for this 
project, typically within the part per trillion range. Data are provided within this report along 
with a description of analytical method development. 

Sample Inventory: 
The Wyoming Oil and Gas Thermal Water (OGTW) samples were collected new for this project, 
and will be combined with previously collected samples from USGS team members. OGTW 
samples were given extra attention so that they could form a robust training set for the Emergent 
Self-Organizing Map (ESOM) that we plan to produce. This attention included duplicate 
analyses from internal and external labs and matching to an analogous rock sample. The 
rock-water sample matches are shown in Figure 1 and described in the sister report for the rock 
portion of this project.The Wyoming sample set reported here contains 43 oil and gas thermal 
waters, and 11 industrial thermal waters. 
 
The OGTWs have sample name prefixes MD, PRB, LC, WA, LB, and MS. The OGTWs split 
into two significant sub-types, those taken on a well-pad before mixing, and those taken after 
mixing either with other wells in a gather station or atmospheric air in a holding tank. The main 
difference in these sub-types is the temperature of the water. As such, the recorded temperatures 
shown in Appendix B should be considered minimums, with the true well-head temperature 
being higher. Two samples, MD-7 and LC-31, were collected after passing through a flash-tank 
to remove H​2​S and consequently record lower temperatures. The pH of OGTWs is weakly basic 
to weakly acidic and shows great variety in conductivity. The Oxidation-Reduction Potential 
(ORP) was recorded in some samples when the meter was available and not at risk of 
hydrocarbon fouling. The ORP in the highest hydrocarbon samples tends to be positive (LB-48), 
and in deep wells negative (such as LB-42). 
 
The industrial thermal waters have prefixes DJPP, WYDAK, LR, and JBPP. These samples 
show the changes that occur during cooling. The good constraints on the sequence allow many 
variables to be controlled. They are weakly basic to very basic, but not very conductive. JBPP-32 
was not collected by the investigators so few field parameters are available for it. 



 
Figure 1: A table of the Wyoming geologic formations sampled for this project. This table lists 
the sample codes for water, and the Core Research Center (CRC) codes for rock. The samples 
are grouped to show which rock sample(s) matches which water sample(s). 



 
Figure 2: The Wyoming OGTW sample locations are shown on this map in red. The four regions 
and their sample prefixes are also shown. Note the three different prefixes for the Wind River 
Basin.  



Methodology: 
Sample Collection, Preparation, and Transport Methods: 
Samples were collected in three or four 500ml bottles at each site. Processing and all analysis is 
possible with 1.5L but if the coolers had extra space, 2L were sometimes collected. All bottles 
were washed, and rinsed with sample prior to final collection and sealing. Once per collection 
day, a field blank was collected. These blanks used 1.5L of nanopure DI-water from the CMI 
laboratory, which was poured into the 500ml bottles in the field, during a random one of the first 
six sampling stops of that collection trip. After sealing, the field blank bottles were treated 
exactly like all other samples from that collection. 
 
Bottles were labeled at the collection point with a two letter abbreviation for their region and a 
unique number that indicates the well or well-gather-station. All bottles were stored on blue 
gel-ice during transport. Upon return to Laramie, the bottles were frozen overnight to halt 
bacterial growth. This reduces fractionation of carbon isotopes, and preserves the original ratio 
of microbe species. 
 
In CMI’s laboratory, within 48 hours of collection, the three or four bottles for each site were 
poured into a filter-funnel and filtered under vacuum with 0.45µm millipore mixed cellulose 
ester filter-papers. This produced an average blend of the three or four bottles, and removed 
suspended solids. While filtering would often remove heavy hydrocarbons, light hydrocarbons 
(such as gas condensate) would pass the filter. 

Analysis Acidified Volume External 

Anion Geochemistry No 50mL No 

Anion Geochemistry No 50mL Yes 

Cation Geochemistry Yes 15mL No 

Cation Geochemistry Yes 15mL Yes 

Isotopes (C, O, H) No 30mL No 

Isotopes (Sr, O, H) No 50mL Yes 

REE (aqueous) Yes 500mL No (INL) 

Backup reserve No ~500mL No 

Meta-genomics No Filter Papers Yes 

Figure 3: Summary of sample aliquots. The filtered sample was split into nine aliquots. For those 
aliquots that were acidified trace metal grade nitric acid was used. All samples were stored in a 



refrigerator until analysis. If transported to INL or an external lab, they were shipped on blue 
gel-ice. 
 
INL’s REE Measurement Methods 
OGTWs are susceptible to all three of the traditional barriers to REE quantification in natural 
waters with the current industry standard of ICP-MS. First, sample salinity, especially barium 
concentrations, causes a fluctuating baseline and also direct carrier-gas mass interferences that 
are so computationally difficult to back-out it is functionally infeasible. Second, hydrocarbons 
entrained with the sample can foul the delicate instrumentation, and introduce mass interferences 
in the same way as salinity. Third, the low concentration of REEs in natural waters is only just 
within the detection range of ICP-MS, resulting in non-detection with even slight miscalibration, 
and masking from even the smallest source of contamination. The following method overcomes 
each of these three traditional obstacles. 
 
We used two sample processing/pre-concentration protocols- one for samples with relatively low 
(TDS= 4500 mg/L) total dissolved solids (TDS) and the other for samples having TDS up to 300 
g/L. Figure 4 shows the general flow charts of our low and high TDS pre-concentration 
protocols. In short, the low-TDS sample pre-concentration protocol uses AG-50W- X8 hydrogen 
form resin in the 200 mesh to 400 mesh size. Previous studies (e.g., Elderfield and Greaves 1982; 
Klinkhammer et al. 1994; Johannesson et al. 2011; McLing et al. 2014) reported that this size 
fraction results in a lower flow rate through the column and increases the REE capture 
efficiency. 
The samples were processed to concentrate the REE by continuous gravity feeding of sample 
through a resin containing chromatography column (20 mL Bio-Rad column) with a 250-mL 
sample reservoir. For this method, the amount of resin used varies based on the cation makeup 
and total TDS of the water as follows: AG-50W- X8 (mL) = 0.0038 × TDS (mg/L) (for 500 mL 
of Ca-Mg rich waters) AG-50W- X8 (mL) = 0.0046 × TDS (mg/L) (for 500 ml of Na rich 
waters) For some very-low TDS water, the calculated volume of AG-50W- X8 can be as little as 
1 or 2 mL. This allows very rapid flow of water through the column; in such cases, we use 5 mL 
of AG 50W-X8 to increase sample residence time in the column. For a given volume of water, 
TDS, and major cations, the volume of AG-50W- X8 ranges from 5 to 20 mL (20 mL is the 
maximum volume our columns can hold). If the calculated amount of AG- 50W-X8 needed is 
more than 20 mL, we use the protocol developed for high TDS samples based on a different resin 
(described below). After the sample chromatography was completed, the eluent was discarded. 
Optima nitric acid (2.5 M) eight-times greater than the resin volume is then added to the 
reservoir to elute divalent cations from the resin, leaving behind only the trivalent cations 
retained in the resin. The REE and other trivalent cations are then eluted from the resin using 
four times the resin volume of higher-strength Optima nitric acid (8 M) and collected in an acid- 
washed Teflon container. 



 
Figure 4. Flowcharts of INL pre-concentration protocols low- and high-TDS aqueous samples 
for REE analysis (NP water: nano-pure, de-ionized water). For high-TDS samples, a modified 
method based on Strachan et al. (1989) was used to concentrate the REE from solution. This 
procedure uses 200–400-mesh Chelex 100 resin in the Na form. 
 
In summary, each column containing 16.25 g of resin was flushed with 75 mL of 2.5 M Optima 
nitric acid to convert the resin to hydrogen form and remove any non-hydrogen cations. The 
initial acid wash was followed by a 50-mL DIW water wash to remove excess nitric acid from 
the resin. Then the resin was converted to NH4+ form by passing 60 mL of 2.0 M of high-purity 
ammonium hydroxide solution, which was followed by DIW water washes to a neutral pH. The 
sample is treated with ammonium acetate (0.985/100 mL) then adjusted to 5.3±0.1 using Optima 



nitric acid/ammonium hydroxide solution to attain the optimal pH of 5.3 for the best cation 
capture. 
 
Once the resin was prepared, the REE in each sample were nominally concentrated by 50:1 or 
100:1 by gravity-feeding nominally 500 mL or 1,000 mL of sample through the column, first 
adding two 50-mL aliquots of sample to allow the resin volume to shrink without forming 
preferential flowpaths. Once the entire sample was passed through the column, 3-5 batches of 
25-50 mL DIW water was applied. The column was then eluted with a few batches of 25-50 mL 
of pH-adjusted (pH = 5.3±0.1) 1.0 M high-purity ammonium acetate to remove the mono- and 
divalent cations. Then the REE is eluted with 2.5 N Optima nitric acid after rinsing with a few 
batches of DIW (Figure 4). The final REE extract obtained with both low- and high-TDS 
procedures was evaporated to dryness at about 100°C on a hot plate enclosed in a filter box to 
eliminate contamination by dust. The resulting bead was then dissolved in a 10-mL 1% Optima 
nitric acid to obtain the final concentration ratio of approximately 50:1 or 100:1. The sample was 
then sealed in a triple acid-washed, 15-mL centrifuge tube for ICP-MS analysis. 
 
Method development addressed the concern that reduced pre-concentration ratios would cause 
the signal of some REEs would disappear into background noise during analysis, resulting in a 
non-detect. Study of the tolerances of the Agilent 7900 ICP-MS during analysis suggested that if 
the concentration of REEs in the initial sample were comparable, samples as small as 100mL 
should still be detectable and statistically distinct from noise. This calculation gave the team 
confidence that a high-REE sample as small as 100mL could be extracted and analyzed. 
Successful analysis of the five such samples under the High-TDS method confirmed this 
prediction. 
 
Part of INL’s original intent when developing the REE method was to eventually make it 
possible for others to implement this method with typical industry instrumentation. To stretch the 
present method below 30ml will almost certainly require a next-gen ICP-MS such as the Agilent 
8900 triple quadrapole just released. Switching to this instrument would put the present method 
beyond the reach of typical industry instrumentation and much of the scientific community. 
However, in sample-limited cases switching to a next-gen instrument could make REE analysis 
possible.  



Geochemistry: 
Data Tables 
Anions, Cations, and Trace element chemistry are listed in Appendices C and D. 
Narative 
Geochemistry analysis was performed for standard anions and cations, as well as selected trace 
elements at both internal and external labs. Both internal and external labs measured anions by 
Ion Chromatography (IC) and cations by Inductively Coupled Plasma - Optical Emission 
Spectrometry (ICP-OES). Trace elements were analyzed at the same time as cations. The 
in-house instruments used were the dual-channel Dionex ICS 500 IC for anions and the Perkin 
Elmer Optima 8300 ICP-OES for cations and trace elements. 
 
The water types are generally consistent within basins. Sodium is the major cation in every 
sample, with calcium being significant in some less briney samples. Chloride, carbonate and 
sulfate make up the majority of anions in all waters. Significant chloride occurs in all OGTWs. 
Many also contain significant carbonate, which in the case of MD samples surpasses even the 
chloride concentration. Industrial thermal waters are unique in their high sulfate concentrations 
which dwarf both chloride and carbonate. Minor anions tend to follow the trend of a major anion 
such as bromide following chloride. 
 
Trace elements are variable. Barium, Silicon, and Strontium are most common but vary wildly 
even within the same field and basin. In industrial waters, some elements like Aluminum 
concentrate in the lower ponds, while others like Lithium and Boron have the greatest 
concentration factors in the ponds experiencing  the greatest evaporation. 
  



Rare Earth Elements: 
Data Tables 
REE ratios when normalized to North Pacific Deep Water are listed in Appendix E and 
pre-normalization in Appendix F. 
Data Table Narrative 
In most OGTWs LREE are enriched over HREEs, with a significant positive Eu anomaly. While 
this distinctive behavior is best seen on the spider diagrams below, the data tables also show this 
trend. The formula for LREE to HREE enrichment in each sample is: 

La​NPDW ​/ Yb​NPDW​ = the light to heavy enrichment factor 
And the formula for the Eu anomaly in each sample is: 

Eu / Eu* = Eu​NPDW​ / (Sm​NPDW ​× Gd​NPDW​)​-½​ = the Eu anomaly 
The normalized La is greater than normalized Yb in all except six samples, showing that LREEs 
are enriched over HREEs. Also, the normalized Eu is greater than its neighbors Sm and Gd in all 
samples except one, showing that aqueous Eu is present in greater concentrations than one would 
expect based on its neighbor elements. 
 
In pre-normalized concentrations often La then Ce are the most abundant REEs in water. These 
are often followed by Eu then Nd then Yb. Present sources of La and Ce are bountiful, and of 
very low economic value. However, Eu, Nd, and Yb are in high demand, and of high economic 
value. 
 
Spider Diagrams 
The following Spider Diagrams show the relative concentration of REEs among samples. These 
plots are a common convention in REE research. These plots use normalization to North Pacific 
Deep Water (NPDW), which is the most common normalization for water. NPDW is defined as: 

 
Figure 5: The North Pacific Deep Water 
Normalization as reported by Alibo and 
Nozaki, 1999. These values were converted to 
ng/L from pico-mol/kg to match the 
conventions of this project. The second 
column, containing the heavy REEs, shows the 
alternating high-low concentration predicted by 
the Oddo–Harkins rule. The rule holds for the 
light REEs too, but it is less apparent due to 
Promethium’s radioactive decay and the 
ocean’s depletion in Cerium. 



 
Figure 6a: Spider diagram of the REEs in Moneta Divide and Lost Cabin OGTWs. All OGTWs 
have a europium positive anomaly. However, the LC-31 sample which samples water from the 
Madison limestone has a smaller anomaly. Europium is most often hosted in calcium-minerals, 
such as those found in limestone. LC-31 also exhibits the only HREE over LREE enrichment in 
this set. MD-6 is the concentrated reject brine that comes out of a reverse-osmosis water 
treatment plant. Its uniform depletion relative to the input water (MD-5) suggests that REEs 
either build-up in some part of  the water treatment plant or that they remain in the purified 
water. 



 
Figure 6b: Spider diagram of the REEs in Powder River Basin OGTWs. The PRB is unique 
because it has a positive gadolinium anomaly nearly as strong as the Europium anomaly. Some 
samples also show HREE over LREE enrichment, although this is not consistent for all wells in 
the basin. The gap in PRB-19 is a result of samarium being below the detection limits of our 
method in that one sample. 



 
Figure 6c: Spider diagram of the REEs in OGTWs from the Wamsutter area of the Washakie 
basin. Some sample numbers such as WA-38 and WA-39 were unprocessable due to their high 
concentrations of soap and other additives. Aside from these all other samples in the area show 
consistent REE patterns. Samples from this area have flat LREE/HREE enrichments and an 
“A”-type enrichment of the middle REEs; samarium, europium, and gadolinium. 



 
Figure 6d: Spider diagram of the REEs in Green River Basin OGTWs. Sample LB-42 came from 
the Madison limestone, just as LC-31 did, although the samples are in different basins. They both 
show a comparatively very small positive europium anomaly. This suggests that the chemistry 
for the madison limestone, or some other factor which does not differ between basins, causes 
only a small amount of europium to enter the water. Gaps in this dataset, such as LB-46, were a 
result of collecting condensate with little or water.. 



Figure 6e: Spider diagram of the REEs in OGTWs from the USGS library. These deep basin 
brines have consistent enrichment patterns, and in absolute terms the greatest concentration of 
REEs sampled. These waters contain roughly ten times more REEs than the ocean. 



Figure 6f: Spider diagram of the REEs in industrial power station ash ponds. These surficial 
samples lack the Europium anomaly found in other samples, having at most very small positive 
anomalies. The samples have generally higher HREEs than the OGTWs. JBPP-32 was the only 
sample not collected in-person for this study and of questionable quality as seen in the even-odd 
trend apparent even after normalization. 
 
Spider Diagram Narration 
Because the ocean loses much of its dissolved Ce due to a well understood and naturally 
occurring reduction-oxidation reaction any water that does not undergo a similar reaction will be 
comparatively enriched in Ce. As Ce is one of the most common and least valuable REEs this 
anomaly should be ignored. 
 
Although most OGTW spider diagrams exhibit the same pattern, some are noticeably shifted 
toward greater concentrations. For example, the relative proportions of each REE in PRB-10 and 
PRB-12 are similar (as seen in the similar shape of their lines) yet PRB-10 is over twice as 
concentrated as PRB-12 in absolute terms (as seen in its upward shift on the y-axis). It is 
important to consider both the relative proportions of REE and their absolute concentrations 
displayed on a spider diagram. 



 
The other important observation revealed by spider diagrams is that HREEs in the PRB vary 
greatly in concentration from one sample to the next, even if less than 25 miles apart in the same 
formation. This high variability is not seen in the MD samples from the Wind River Basin, in the 
LB samples from the Green River Basin, nor in the WA samples from the Washakie Basin. 
This signature is most visible in the PRB samples and WA samples. The PRB signature is a Gd 
positive anomaly to nearly the level of Eu. The WA signature is a flat LREE:HREE ratio with 
“A”-type enrichment of the MREEs.  



Isotopes: 
Data Tables 
Stable isotope ratios normalized to VSMOW and VPDB are listed in Appendix G. 
Narrative 
Isotopes of δD and δ​18​O of water 
Isotopes of  water were measured for all newly collected samples (Figure 7, Appendix G). With 
the exception of one sample all plot below the global meteoric water line. Relative to water rocks 
have an enriched oxygen isotope ratio, waters that exhibit an enriched δ​18​O signature--like the 
waters measured in this study-- indicate interaction with host rocks. An interaction such as this is 
permissive evidence for REE between water and rock. 
 

 
Figure 7: Oxygen and Deuterium stable isotopes on a standard D-O plot normalized to Vienna 
Standard Mean Ocean Water (VSMOW). All points lie to the right of the Global Meteoric Water 
Line (GMWL) in dark blue. High temperature, long duration interaction with host rocks 
normally causes samples to plot in this region. Points further from the GMWL have likely 
experienced a longer or stronger interaction than those close to the GMWL. 
 
Carbon isotopes 



Carbon isotopes were measured in geologic basins known to have biogenic methane, the Wind 
River Basin and Powder River Basin. The processes that produce biogenic methane isotopically 
fractionate Dissolved Inorganic Carbon (DIC). Studies have used this diagnostic DIC isotope 
signature of water associated with biogenic gas generation to trace produced water on the surface 
(Quillinan and Frost, 2013) and in the subsurface (Martini, 1998; Sharma and Frost, 2008; 
McLaughlin et al., 2011; Quillinan and Frost, 2012). For this study we found that only the Wind 
River basin was influenced by biogenic gas. Illustrated in Figure 8 we show the carbon isotope 
ratios normalized to Vienna Pee Dee Belemnite (VPDB) as a function of the bicarbonate 
concentrations. Note the linear correlation between δ​13​C​DIC ​and HCO​3​ mg/L in the Wind River 
Basin. Although some of the Powder River Basin samples show elevated δ​13​C​DIC ​the absence of 
an elevated concentration of HCO​3​ indicate they are not associated with biogenic 
methanogenesis. During further interpretation we will consider this variable for the Wind River 
Basin as it pertains to rare earth element concentrations of waters in natural gas reservoirs. 
 

 
Figure 8: The linear relationship of δ​13​CDIC to HCO​3​ concentration is evidence for biogenic 
methane production in the WRB samples. 
 
Strontium Isotopes 



Strontium isotope ratios were measured for 22 samples. Strontium is a divalent cation and 
readily substitutes for calcium in carbonates, sulfates, and feldspars. The ratio of 87/86 strontium 
has an accuracy to six significant figures and can be a strong indicator of water-rock interaction 
and the origin of salinity. Strontium isotopes in this study ranged from 0.70842 to 0.73457, 
indicating a wide range of continental weathering and sediment types. They form distinct groups 
matching the basins and formations they sample. This confirms we were successful in sampling 
various geologic terrains.  

 
Figure 9: A univariate plot of Strontium ratios (left), and enlarged detail of that plot (right). The 
colors used here match the colors used for the basins elsewhere in this report. Note that 
formations such as the Madison or Frontier plot near each other, even if they sample different 
basins. This is due to the composition of the reservoir formation being consistent over large 
lateral distances, and transferring strontium isotopes to the water in a similar ratio.  



Conclusions: 
A few decades ago REEs were believed to be insoluble except in exotic solutions. While it is true 
that REEs contribute only a small part of the ions found in natural aqueous solutions, they 
nevertheless are a measurable component. This project has shown that REEs are measurable 
species in terrestrial geothermal waters and also terrestrial oil and gas thermal waters at the 
nanograms per litre level. Further, this project has shown that measurement of REEs is possible 
with industry standard equipment using the method of McLing et al. (2014) despite barium, 
hydrocarbon, and salt interferences. 
While measuring REEs this project achieved a 33-fold improvement in minimal sample size over 
the methods of Strachan et al. (1989) and McLing et al. (2014). This improvement was made 
possible by the Department of Energy’s involvement in this project, and grants owners of 
low-volume sample catalogues access to analysis of REE concentrations by a method which 
previously required a prohibitively large volume of sample. 
The focus of this project to date has been to collect and analyse samples rather than interpret 
conclusions. However, the team incidentally found four conclusions: 

1) In about a third of the samples Europium is the most abundant REE rather than 
Lanthanum. This abundance is apparent especially after normalization where all OGTWs 
have a significant Europium positive anomaly (NASC Eu/Eu* >> 3). In some samples 
this anomaly can exceed 40 times the nominal NASC Eu/Eu* anomaly. 

2) Our data suggest that aqueous REEs can serve as basin-scale tracers of water in much the 
same way as REEs are tracers for rock. While generally more variable than in rock, 
aqueous REEs appear to record this basin-wide signature in their LREE:HREE ratio and 
in the proportions of the MREEs Sm, Eu, and Gd. This basin signature most likely 
reflects the marine or terrestrial depositional environment of the host rock, but could also 
record the presence of microbes, or fracking proppants. 

3) Many water samples have higher REE concentrations than ocean water, and every water 
sample exceeds ocean water in at least one REE. These superior concentrations do not 
necessarily imply a better resource because other factors may affect resource viability. 
Extraction from OGTWs would need to solve problems not present in the ocean such as 
entrained oil droplets and disposal of the post-extraction water. On the other hand, some 
benefits such as the geothermal potential of OGTWs is not present in the ocean. 

4) Almost all OGTWs have similar LREE behaviors, but can exhibit great variety in the 
HREEs. This suggests HREEs are more heterogeneously distributed in groundwater than 
LREEs. Because most HREEs are also critical REEs, a prospecting method that selects 
for HREEs would be economically valuable. 
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