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Introduction 

This work (Task 3 within)was developed to complement the geochemical assessments of 

produced water and geothermal water samples. Specifically, this task was designed to test the 

influence of reservoir rock-type and corresponding mineralogy/geochemistry on the 

concentrations of REE found in oil and gas produced waters. There has been no direct 

investigation of REE reactions relative to rock-type in deep oil and gas brine prior to this 

investigation. At most we have inferences of these potential reactions. For instance, brines from 

mature sandstone reservoirs may have lower Eu concentrations than brines associated with 

unaltered basalt due to the higher abundance of plagioclase feldspar in basalt. 

Task 3 consists of three subtasks: (1) subtask 3.1, Analyze whole rock geochemistry and REE; 

(2) subtask 3.2, Analyze minerals and crystallography; and (3) subtask 3.3, Measure cation 

exchange capacities of selected rock samples. This task also includes two Milestones for Budget 

Period 1, described below. Milestone 3-1 has been completed and is documented in this report. 

Milestone 3-2 has also been completed and is documented in Attachments A, B, and C.  

Milestones for Budget Period 1 

3-1 Complete analysis of major, minor elements, and REEs, in rock samples related 

to OGTW 

3-2 Format rock data into templates and upload to the National Geothermal 

Repository 

All rock samples have varying REE concentrations that exceed those of the analyzed brines, 

suggesting the potential for influencing the compositions of the fluids.  

 

Sample Selection Methodology 
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A total of 101 rock samples were collected for analysis. Eighty-eight reservoir rock samples 

were selected from the catalog available at the USGS Core Research Center, Lakewood, 

Colorado (Figures 1 and 2). Specific samples were down-selected by proximity, formation, and 

reservoir interval relative to the wells sampled in Task 2, as well as evaluated for facies variation 

and reservoir character using geophysical data available at the Wyoming Oil and Gas 

Commission website (Figure 3).  

 

 

Figure 1: The location and formation of oil and gas core collected at the USGS Core Research 

Center. Core is representative of the three major basins where produced water samples were 

collected, and correlates to sampled intervals.  
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Figure 2: Screen capture of all core (red dots) in Wyoming available from the USGS Core 

Research Center Database and surrounding states (as of 6/10/2017). These data represent all 

available core; sample selection was refined relative to available core, proximity to sampled 

wells, reservoir interval, and reservoir character.  

 

 

 



 
 

4 

 

Figure 3: Petrophysical data (top) from the Wyoming Oil and Gas Commission website, and 

corresponding core box photos (bottom) from the USGS CRC website. Most samples were 

selected after analysis of petrophysical log data to verify the best reservoir intervals. The paired 

geophysical logs at the top of the figure show the interval of the Frontier Formation with 

available core (highlighted by red line adjacent to SP log). The core boxes at the bottom of the 

figure have red stars indicating samples selected for analysis.  

 

Thirteen rock samples were collected in the field to correspond with naturally occurring 

geothermal samples that were analyzed by Idaho National Laboratories (Idaho Falls, ID) 

(Figure 4). Representative samples were selected of specific rock types in which geothermal 

waters occur. Broader geologic regions associated with these rock types include the Snake River 

Plain (SRP), Basin and Range structures east of the SRP, and large scale/deep seated orogenic 

uplifts of the Sawtooth Mountains, ID.  
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Figure 4: Sample locations, identification number and lithology of samples collected to 

complement geothermal water samples in Idaho.  

 

Analysis 

After selection, samples were split for thin section preparation, geochemical analysis and 

advanced petrologic analysis methods including SEM or microprobe. Samples selected for 

petrographic analysis were shipped to Wagner Petrographic for thin section preparation. Most 

slides were impregnated with blue epoxy for porosity evaluation and stained for carbonate 

evaluation. Samples selected for geochemical analysis were shipped to ALS Geochemistry. 

Major oxide compositions were determined using ALS Geochemistry analytical protocol ME-

ICP06 and ME-MS81; ICP-AES was performed and coupled with results from ICP-MS analysis. 

Processing the samples for major and trace element compositions included the complete 

solubilization of highly refractory REE-bearing minerals, such as zircon and monazite, to obtain 

realistic REE compositions. Data from the geochemical analysis of oil and gas reservoir rock are 

presented in Attachments A and B. Data from the geochemical analysis of geothermal rock 

samples from Idaho are presented in Attachment C.  
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Results 

Oil and Gas Reservoirs  

Samples from oil and gas reservoirs are divided into subgroups of rock type. Subgroups include 

shale, sandstone and carbonate, along with basement rocks from cuttings in deeper wells. All 

samples have been normalized to the North American Shale Composite (NASC) (Condie, 1993).  

Overall, shale samples trend to a NASC normalized value of 1 (Figure 5). Interpreting REE 

concentrations per formation shows that: (1) Baxter Shale samples are depleted relative to 

NASC; (2) Lewis Shale samples are enriched in LREEs and depleted in HREEs relative to 

NASC; (3) Mowry Shale samples are both enriched and depleted in total REEs relative to 

NASC; and (4) the majority of Niobrara Shale samples are depleted in total REEs relative to 

NASC, with some enrichment in LREEs; a single sample has REE enrichment; another sample 

has a significant depletion in LREEs.  

Niobrara Shale samples with relative enrichment in HREEs compared to LREEs are interpreted 

to be potentially influenced by organic content, illitic clay content, or the presence of zircon 

(Wani and Mondal, 2011; Uysal and Golding, 2003; Condie, 1991). Those samples with REE 

patterns with negative slopes (LREEs>HREEs), such as the Lewis Shale, are likely reflecting the 

REE composition of clastic detrital materials.  

 

Figure 5: REE concentrations of shale samples collected at the Core Research Center 

normalized to the North American Shale Composite (NASC) (Gromet et al., 1984). Normalizing 

values are provided in the X-axis; Y-axis is logarithmic and unitless due to normalization. While 
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most samples follow the NASC trend, some are enriched in HREE and nearly all Wyoming shales 

have a Dy and Gd enrichment. 

Samples from sandstone reservoir basins have typical clastic sediment REE patterns 

(Kritsananuwat, et al. 2014; Condie 1991), with LREE enrichment relative to HREE (Figure 6). 

Most sandstone samples -- including those from the Almond, Fort Union, Lance, Shannon, 

Frontier, and Parkman formations -- have total REE values lower than NASC. This is expected 

of a detrital sediment with a high percentage of non-REE bearing minerals such as quartz. One 

Frontier Formation sample has total REE enrichment relative to NASC, and a few Muddy and 

Turner formation samples have slightly elevated concentrations of LREEs relative to NASC. 

One Frontier Formation sample has increased MREE concentrations compared to NASC. This 

increase may indicate hydrothermal deposition of REEs in a redox boundary of the sediment, or 

a mineral control that is different than other sandstone samples. Additionally, a single Muddy 

Formation sample exhibits a steeper decreasing slope from LREEs to HREEs compared with 

other Muddy Formation samples. This is likely indicative of a mineral component, such as 

monazite, increasing the LREE concentration.  

Madison Limestone is the only carbonate lithology assessed in this study (Figure 6). All 

carbonate samples are depleted in total REEs and have flatter overall NASC normalized REE 

patterns. There are two groupings of REE concentrations in the Madison samples. Three of the 

ten samples have relatively flat REE NASC normalized profiles, and the remaining samples have 

variable saw-tooth patterns and lower REE concentrations. This may represent groups of 

carbonates that have different rock/water interaction variables, although analytical variability 

cannot be currently removed from consideration.  
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Figure 6: REE concentrations of sandstone, carbonate, and basement samples collected at the 

Core Research Center normalized to the North American Shale Composite (Gromet et al., 1984). 

Normalizing values are provided in the X-axis; Y-axis is logarithmic and unit-less due to 

normalization. Note that most sandstones have a light to heavy REE depletion profile (relative to 

NASC), and that carbonates have distinctly low REE profiles. 

 

Rock Samples Associated with Geothermal Waters in Idaho 

Several lithologies were identified as host reservoirs to the geothermal water samples collected 

from Idaho hot springs. Like oil and gas samples, all samples have been normalized to NASC 

(Gromet et al., 1984) for comparative analysis (Figure 7). Diversity of rock types in this 

evaluation has resulted in a wide variety of REE behaviors. 

In general, basalt samples behave predictably (Condie, 1993). They cluster as a group and have 

positive Eu anomalies and slightly enriched HREEs. They are relatively enriched in total REEs 

compared to NASC. Despite variable hydrothermal alteration of these samples from relatively 

fresh to highly altered, they generally behave as single group. This initially suggests that most 

REEs have not been mobilized from these samples.  

Rhyolite samples are less constrained, forming three REE profile types. Some samples have a 

typical rhyolite REE behavior (Condie, 1993), with enriched total REE concentrations and minor 

negative Eu anomalies. LREEs are slightly enriched, resulting in a negatively sloped REE trend. 

With respect to this study, it is important to note the REE trend exhibited by the altered rhyolite 

sample. This sample is similar in composition to the typical rhyolites described above, but has 
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undergone significant alteration from geothermal fluids. This has resulted in a negative Eu 

anomaly. The remaining REE concentrations are enriched with respect to other rhyolite samples. 

This is expected when other whole-rock constituents or mineral species have been removed via 

hydrothermal alteration. The relative enrichment in LREE and HREE is evidence of these 

species remaining in the host rhyolite after alteration. 

Idaho sandstone/quartzite host rocks have atypical REE trends. All quartzite samples are 

relatively depleted in total REEs when compared to NASC. Two hydrothermally altered samples 

have the lowest concentration of total REE of the Idaho suite. This is direct evidence of 

metasomatic alteration of REE minerals/compositions. Unaltered samples corresponding to these 

REE depleted samples were not found, so inferences of REE removal via hydrothermal alteration 

can only be suggested at this time. The significant negative Eu anomalies of the two depleted 

samples hint at hydrothermal alteration, but again, unaltered host rock will need to be evaluated 

before determination of this behavior. The remaining sandstone/quartzite samples appear to be 

similar to typical sandstones evaluated elsewhere and exhibit relatively greater LREE 

concentrations compared to HREEs, resulting in a negatively sloped REE profile.  

Both a granite and granodiorite were evaluated for REE concentrations. They do not show 

evidence of hydrothermal loss of specific REE, and have typical REE behaviors (Condie, 1993). 

It is likely that hydrothermal waters sourced from these rocks have limited water/rock 

interaction. This is typical of jointing in basement rocks where hydrothermal fluid is restricted 

along conduits.  

Alluvial fan deposits and travertine sourced from hydrothermal waters flowing through those 

deposits were sampled for REE concentrations. Results are inconclusive due to trace 

concentrations, but initial observation suggests travertine samples have a relative depletion in 

total REEs when compared to alluvial fan deposits and underlying rhyolites. REEs are likely not 

being dissolved from rock into fluid in significant concentrations in this particular system. 
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Figure 7: REE concentrations of Idaho rock samples collected in the field and normalized to the 

North American Shale Composite (Gromet et al., 1984). Normalizing values are provided in the 

X-axis; Y-axis is logarithmic and unitless due to normalization. REE concentrations of this 

sample set vary; notable conclusions include the low concentration of REE in quartzite samples 

(potentially indicative of REE solubilization) and Eu-enriched and Eu-depleted rhyolites.  

 

Preliminary Results 

Preliminary assessment of the relation of REE concentration to specific chemical elements 

indicates some correlations. Yttrium (Y), commonly used as a proxy for REE behavior, has an 

expected positive correlation to total REE concentrations in both CRC and Idaho samples 

(Figure 8). A “better fit correlation” is recorded between Thorium (Th) and total REE 

concentrations of all samples (Figure 9). This correlation may relate to a REE-bearing mineral(s) 

with a Th component that also contributes a majority percentage of total REE. In both oil and gas 

reservoir rocks and Idaho samples, monazite is a likely source because it is a common accessory 

mineral in sediments and a trace mineral in igneous rocks. Thorium is measured using the 

gamma log curves, and log response could be further analyzed for the development of a 

predictive tool for REE concentrations in oil and gas reservoirs. It is important to note that 

monazite is enriched with respect to LREEs instead of HREEs, suggesting additional influence 

from HREE minerals. Another common accessory mineral, zircon, also harbors REE in its 

structure. Figure 10 shows a weak correlation between Zirconium (Zr) and total REE 

concentrations (more so in Idaho samples), suggesting some influence of this mineral in total 

REE concentrations. Unlike monazite, zircon prefers HREEs to LREEs in its crystal structure. 
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The impact of weathering on REE concentrations is assessed using the Chemical Index of 

Alteration developed by Nesbitt and Young, 1982 (Figure 11). Additional analysis will be 

necessary relative to individual lithologies, as no trend is apparent with singular groupings 

(Figure 11). 



 
 

12 

 

Figure 8: Bivariate plot of Y versus REE concentrations, in ppm, of oil and gas reservoir 

samples from the Core Research Center (CRC) and igneous and metasomatic rocks associated 

with geothermal springs in Idaho. 

 

Figure 9: Bivariate plot of Th versus REE concentrations, in ppm, of oil and gas reservoir 

samples from the Core Research Center (CRC) and igneous and metasomatic rocks associated 

with geothermal springs in Idaho. 
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Figure 10: Bivariate plot of Zr versus REE concentrations, in ppm, of oil and gas reservoir 

samples from the Core Research Center (CRC) and igneous and metasomatic rocks associated 

with geothermal springs in Idaho. 
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Figure 11: Bivariate plot of the Chemical Index of Alteration (after Nesbitt and Young, 1982) 

versus REE concentrations, in ppm, of oil and gas reservoir samples from the Core Research 

Center (CRC) and igneous and metasomatic rocks associated with geothermal springs in Idaho. 

Some of the differences in reservoir rock mineral compositions and distributions are shown in 

Figures 12 (a and b) and 13 (a and b). The mineralogical differences due to hydrothermal 

alteration are displayed by Figures 12a and b. Both rock samples are porphyritic rhyolites from 

Idaho, though hydrothermal fluids have altered the sample in Figure 12b. This has resulted in 

degradation of reactive minerals, such as plagioclase and the formation of clay minerals. Figures 

13a and b portray different lithologies from oil and gas reservoirs. The Muddy Formation is a 

typical immature Cretaceous sandstone (Figure 13a), with multiple generations of cements and 

numerous reactive minerals. This sample has a “sandstone typical” REE pattern of LREE>HREE 

(Figure 6), likely due to monazite as a primary accessory mineral. The sample of the Mowry 

Shale has a larger silt component than other shales (Figure 13b), but also contains organics in its 

matrix (typical of shale versus sandstone). The organics and/or illite clays likely contribute to the 

enrichment of MREE and HREE in the CRC samples (Figure 5). 
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Figures 12a and b: Figure 12a (top) shows a thin 

section of sample 17ID05A, a porphyritic rhyolite 

collected in Idaho. Figure 12b (bottom) shows a thin 

section of sample 17ID15, an altered porphyritic 

rhyolite sampled in Idaho. Note the relatively 

unaltered plagioclase, the significant mineral source 

of Eu, in Figure 12a relative to 12b. 

 

 

 

Figure 13a and b: Figure 13a (top) shows a thin section 

of sample D839, Muddy Formation, 8,204’, which was 

collected at the USGS Core Research center. Figure 13b 

(bottom) shows a thin section of sample W075, Mowry 

Shale, 10,646.5’ that was collected at the USGS Core 

Research center. Note the heterogeneity of detrital 

clasts and cements in the immature sediments of the 

Muddy. Relative to the sandstone, the Mowry Shale 

has a high organic component and finer grains.   
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Attachments 

Appendix A and B contain the geochemical data analyzed from these samples.  
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Appendix A 
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Appendix B 
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