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Abstract 

Rare earth element (REE) signatures are often applied to interpret paleoenvironmental conditions 

in sedimentary basins, however the complicated diagenetic histories in dynamic depositional 

environments can affect interpretation of measured REE signatures. Prior studies on REE content 

in shales and limestones indicated that REE in specific mineral phases may provide unique 

information concerning diagenetic reactions occurring in sedimentary rocks during burial and 

compaction. Application of sequential extraction techniques to target REE signatures in specific 

mineral fractions may provide greater insight into the complex processes that occurred during 

diagenesis and catagenesis. Thus, using this technique, this study provides a detailed account for 

REE, 
87

Sr/
86

Sr, and 
13

C in the carbonate fraction of the Marcellus Shale and adjacent formations 

in the Appalachian Basin. A suite of 49 rock samples collected from two cores recovered from 

Monongalia County, West Virginia, USA was analyzed. The results showed that the carbonate 

concretions in calcareous shales and carbonate cements in black shales were very distinct. The 

REE plus yttrium (REY) were more concentrated in the carbonate concretions than in the 

carbonate cements. The carbonate concretions displayed REY patterns that are closely similar to 

modern seawater, while MREE-enrichment was observed in the carbonate cements. Likewise, 

the 
87

Sr/
86

Sr values in the carbonate concretions were similar to those measured for unaltered 

Middle Devonian carbonates, while the 
87

Sr/
86

Sr in the carbonate cements were much more 

radiogenic. This observation indicates that the carbonate cement could have been inherited 

radiogenic 
87

Sr expulsed from clays during illite-smectite transition. Overall, this study 

demonstrated two distinct processes involved with controlling the carbonate geochemistry within 

Appalachian Basin shales and limestones: one fraction displaying minimal diagenetic alteration 

relative to depositional conditions (carbonate concretions in calcareous shales and limestone 

carbonate in limestones), and another fraction displaying the evidence for extensive chemical 

alteration during illite-smectite transition and catagenesis (carbonate cements in black shales). In 

addition, highly variable and significant enrichments of U and Mo demonstrate that the Union 

Spring member and the Lower Oatka Creek member of the Marcellus Shale in the southwestern 

Appalachian Basin (MSEEL site) were deposited under mainly anoxic environment whereas 

intermitted episodes of dysoxic to perhaps oxic conditions occurred during the deposition of the 

Upper Oatka Creek member.         
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1 Introduction 

Understanding the origin of petroleum source rocks assists in development of unconventional 

resource plays, which have proven to be successful sources of oil and gas worldwide (Tissot and 

Welte, 2012). Historical characterization of kerogen thermal maturation has largely relied on 

inferences from data collected from conventional reservoirs and may not provide the best 

information on the diagenetic and catagenetic processes affecting kerogen structure and 

hydrocarbon generation (Agarwal and Sharma, 2018a, b). An ability to characterize the 

depositional and diagenetic history of unconventional reservoirs can lead to improved 

stimulation design and increases in overall oil and gas production.  

Characterizing the extent to which shale has undergone catagenesis can be of value in 

determining the type of hydrocarbon produced and its overall for hydrocarbon generating 

potential in unconventional reservoirs. Mineralization of organic matter into carbonate minerals 

can provide key information on thermal maturity, hydrocarbon prospectivity and flow path. 

Geochemical tracers present in different fractions of reservoir rock, including both carbonate and 

clay phases, can be used to characterize the depositional and diagenetic history of subsurface 

reservoirs (Phan et al., 2016; Williams et al., 2013). Prior studies have demonstrated the utility of 

rare earth elements (REE), 
87

Sr/
86

Sr, and 
13

C in both carbonate and clay phases as useful 

indicators for characterizing diagenetic processes (Chaudhuri and Clauer, 1993; Chen and 

Sharma, 2016; Osborn et al., 2012; Phan et al., 2018b; Stewart et al., 2015).  

The concentration and distribution of rare earth elements (REE) can be applied towards 

characterizing important diagenetic and catagenetic processes in shale (e.g., Phan et al., 2018b). 

For example, the post Archean Australian Shale (PAAS) normalized REE in black shales, that 

are primarily sourced from detrital siliciclastics, mostly display flat patterns (Phan et al., 2018b; 

Yang et al., 2017). Shales containing authigenic components can display more variable whole-

rock REE patterns if there is a significant contribution of REE from the authigenic components 

to the bulk REE inventory (this study; Yang et al., 2017). Authigenic alterations may not always 

be observed in whole rock REE data due to a less significant contribution of REE from 

authigenic phases, or due to contrasting influences of REE signatures from different mineral 

fractions within a sample. For example, middle REE enriched patterns were observed in 

separated conodont apatite, but not in the whole rock REE signature, of Huanghuachang and 
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Chenjiahe samples (Hubei Province, South China; Zhang et al., 2016). Sequentially-extracted 

fractions from Marcellus Shale (Greene county, PA, USA) reflect mineralogy-specific post-

depositional changes compared to the primary REE pattern associated with silicate minerals in 

the shale (Phan et al., 2018b). Both 
87

Sr/
86

Sr and 
13

C measurements in have been applied to 

confirm detrital versus seawater-derived influences on depositional and diagenetic history in 

Marcellus Shale (Phan et al., 2018b; Chen and Sharma, 2017). Targeted analysis of REEs, 

87
Sr/

86
Sr and 

13
C of dissolved inorganic carbon (

13
C-DIC) in sequentially extracted fractions of 

shales can provide detailed information on the post-depositional processes affecting the shale. 

Black shales like the Marcellus Shale are silt-bearing mudstones (Macquaker and Adams, 2003) 

composed primarily of siliciclastic debris including illitic clay, quartz, and feldspars and 

authigenic components, such as marine derived organic matter, carbonate cement, pyrite, and 

barite (this study; Chen and Sharma, 2016; Milliken et al., 2013; Niu et al., 2016; Phan et al., 

2018b; Sageman et al., 2003; Werne et al., 2002). Previous studies showed that the carbonate 

cement in the Marcellus Shale is of diagenetic origin and not representative of Middle Devonian 

seawater (Lash and Blood, 2014; Chen and Sharma, 2017; Phan et al., 2018b) whereas carbonate 

minerals in adjacent limestone units are likely derived from direct precipitation from Middle 

Devonian seawater (Phan et al., 2018b).  

We hypothesize that different authigenic components in shales, mainly carbonate cements and 

clays, can provide a record of diagenetic alterations during catagenesis. Therefore, in this study, 

we characterized both whole rock and authigenic components of Marcellus Shale, carbonate-rich 

concretions within the shale, and limestones from the Appalachian Basin. High resolution 

analysis of REE and yttrium (REY), 
87

Sr/
86

Sr, and 
13

C-DIC was conducted along a 30 m (100 

ft) Marcellus Shale core to perform a robust evaluation of the degree of diagenetic influence 

across the stratigraphic depth. In addition, the enrichment factors of U and Mo were used to 

investigate the differences in the depositional environment at the study area compared to other 

regions of the Appalachian Basin. To our knowledge, this is the first study to present high-

resolution, phase-specific data to characterize catagenesis in the Marcellus Shale.   
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2 Methods 

2.1 Study area and samples 

The high-resolution analysis in this study primarily focuses on the Marcellus Shale in 

Monongalia County, West Virginia, USA. In this location, the Marcellus Shale is approximately 

30 m thick and divided into three members. The Upper and Lower Oatka Creek members in the 

uppermost portion of the Marcellus Shale are separated from the Union Springs member by the 

Cherry Valley limestone formation at about 2292 m depth. The Union Springs member is in the 

lowermost portion of the Marcellus Shale where horizontal drilling for hydraulic fracturing 

usually occurs. For comparison to other stratigraphic units, the Mahantango Shale, Burket 

(Geneseo) Shale and Tully Limestone were analyzed as part of this study. The Burket (Geneseo) 

is a black organic-rich shale that lies immediately on top of the Tully Limestone and is an Upper 

Devonian formation. Geneseo refers to the portion in northeastern Pennsylvania and southern 

New York whereas the formation is referred to as Burket in our study area (West Virginia) and 

most parts of Pennsylvania. In contrast to Burket Shale, Mahantango Shale is a gray/brown 

organic poor shale, typically found conformally overlying the Marcellus Shale. 

A suite of 49 rock samples were collected from two well cores recovered from the Marcellus 

Shale Energy and Environment Laboratory (MSEEL) field site in Monongalia County, WV, 

USA (filled circle, Fig. 1). Samples from the first drill core (MIP-3H, 39°36'06.5"N 

79°58'34.0"W) cover both Oatka Creek and Union Springs members of the Marcellus Shale 

whereas samples of adjacent formations: Burket (Geneseo) Shale, Tully Limestone, Mahantango 

Shale were collected from side wall sub-cores of the second well (MIP-SW, 39°36'32.0"N 

79°58'47.7"W). The two samples from TG site in Tioga County, PA, USA were from an 

undisclosed well location.  

Five different macro-facies units are present in Marcellus Shale: 1) organic siliceous shale; 2) 

organic mudstone; 3) organic mixed shale; 4) gray siliceous shale, and; 5) gray mixed shale and 

gray mudstone in which these macro-facies units are lensed with carbonate layers (Paronish, 

2018). Additional details of the macro-facies analysis of these two cores can be found in 

Paronish (2018). Our study refers to clay and quartz-rich samples with carbonate content <10% 

and >10% as shale and calcareous shale, respectively. Rock samples that are poor in quartz and 

clays with carbonate content >40% are referred to as limestone. All rock samples were 
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pulverized using a mixer mill and then divided into desired weights by a splitter. Pulverized rock 

samples were digested by fusion and then further digested by acids for bulk concentrations of 

both major and trace elements including REY.      

2.2 Bulk rock digestion and sequential extraction methods 

Because REY associated with non-carbonate minerals (e.g., Fe–Mn oxyhydroxides, phosphates, 

clays, and adsorbed on organic matter and clays,) can potentially conceal the original REY 

signature of carbonate minerals (Phan et al., 2018b; Zhang et al., 2015), a sequential extraction 

procedure, previously applied on limestones and shales (Phan et al., 2015; Phan et al., 2018b), 

was applied on samples in this study (Procedure A in Fig. 2). Briefly, about 1 g split of rock 

powder was sequentially leached to extract water-soluble salts (water-soluble fraction) using 

Milli-Q water. The residue was further treated with 1.0 N ammonium acetate pH 8 to extract 

adsorbed metals (exchangeable fraction), and the desorption process is quick in high ionic 

strength solution (Willis and Johannesson, 2011). For example, it takes less than 5 minutes to 

desorb REE from natural clays (Moldoveanu and Papangelakis, 2012). Next, the residue was 

treated with 1.0 N acetic acid for 4 hours to primarily dissolve calcite and dolomites (major 

carbonate fraction), and potentially authigenic carbonate fluorapatite if present. Phan et al. 

(2018b) found that less than 0.2% of Al was dissolved in this fraction, suggesting that the 

dissolution of aluminosilicate minerals exhibited minimal influence on the carbonate REY 

patterns. We monitored Al in these leachates to evaluate if carbonate REY is influenced by 

preferential leaching of clays. The residues of select samples of the Marcellus Shale were further 

treated with 1.0 N acetic acid for an additional 2 hours to dissolve the remaining carbonates 

(remaining carbonate fraction).  

Procedure B (Fig. 2) was similar to procedure A, except that diluted nitric acid (0.2 N HNO3) 

was used for 15 minutes to partially dissolve carbonate minerals (Tostevin et al., 2016). Due to 

the difference in carbonate content, we used slightly different procedures for limestone and 

shale: 10 mL 0.2N HNO3 per gram of limestone samples whereas 5 mL 0.2 N HNO3 per gram of 

shale was used. The REY and trace metal concentration data of the three carbonate fractions: 1.0 

N acetic acid (4 hours), 1.0 N acetic acid (additional 2 hours), and 0.2 N HNO3 (15 minutes) 

were compared to evaluate the efficacy of each leaching procedure in obtaining the original 

carbonate REY patterns.  
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An adaptation of the Soxhlet extraction method using organic solvents (Wei et al., 2014), was 

used to extract REY associated with organic matter in select shale samples (Procedure C in Fig. 

2). The extraction process was conducted in 50 mL centrifuge tubes (polypropylene) placed 

inside a Teflon coated rack on a hot plate to allow for high throughout sample processing. 

According to Wei et al., (2014), dichloromethane mostly extracts long-chained and unbranched 

aliphatics whereas toluene dissolves short-chained and highly branched aliphatics. All leachates 

were centrifuged, and supernatants were syringe-filtered through 0.2 µm membrane to avoid fine 

clays passing through the membrane (Phan et al., 2018a). Organic solvent leachates from 

procedure C were further digested by aqua regia, and then treated with concentrated H2O2 until 

no visible dark brown residue was observed. For the water-soluble leachates, an aliquot was 

taken and immediately refrigerated for ion chromatography analysis on the next day, and the 

remaining aliquot was acidified with HNO3. All other leachates were evaporated to dryness and 

further treated with 10 drops of concentrated HNO3 and 10 drops of concentrated H2O2. The 

residues were re-dissolved in 2% HNO3 prior to analysis. All reagents used in this study were 

ultrapure grade (Optima
TM 

grade, Fisher Chemical) and lab wares were acid washed prior to use. 

2.3 Analytical techniques 

Mineral and organic content of the samples were analyzed via XRD and CHNS Elemental 

Analysis. Pulverized rock samples were back-loaded into a cavity mount spinning holder and 

scanned by a PanAlytical X’Pert Pro X-ray diffractometer (XRD) equipped with Cu radiation at 

the National Energy Technology Laboratory (NETL) in Pittsburgh, PA, USA. The reported 

percentages of mineral composition (Table 1) were semi-quantitatively estimated using the 

reference-intensity ratio matrix-flushing method (Chung, 1974) and the mineral percentages 

were then corrected for the total organic carbon (TOC) content of bulk rocks (100%-%TOC). 

The TOC was analyzed at the NETL by CHNS Elemental Analyzers. Select samples were 

analyzed at the IsoBioGem Laboratory at West Virginia University, WV, USA.  

Major elements, trace, and REY were analyzed on a PerkinElmer NexION 300X ICP-MS using 

kinetic energy discrimination (KED) mode at the University of Pittsburgh whereas major and 

minor metal concentrations of bulk rocks were measured at the NETL Pittsburgh Analytical 

Laboratory using fusion method, and then analyzed on a PerkinElmer NexION 300X ICP-MS. 

Oxide interference on REY (Dulski, 1994)) was monitored using formation rate of Ce and Co 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

9 

 

oxides (CeO/Ce <0.003; CoO/Co <0.003). During analysis, single element Ba (2000 µg/L) 

solution was analyzed to evaluate the polyatomic interference on REY. This Ba solution always 

yielded Ce less than 0.002 µg/L which is negligible relative to measured concentrations of REY 

(>0.5 µg/L). For REY with multiple isotopes, measured concentrations of each isotope of the 

same element are within 5%; thus, the average concentration (Phan et al., 2018b) was reported. 

The estimated accuracy of both major and trace elements including REY was better than 10% 

(within 20% for Dy and Er) based on replicate measurements of the USGS rock standards: SGR-

1b (shale) and SBC-1 (shale); and freshwater standards: T-227 (spring water; USGS), NIST-

1640a (spring water; NIST). The method detection limit was defined based on 3 standard 

deviations of replicate measurements of T-227. The procedural blanks of the sequential leaching 

procedure were below the limits of detection.  

The REY patterns were plotted by normalizing the REY concentrations to chondrite and PAAS. 

The REY data of chondrite and PAAS used in this study are from Pourmand et al. (2012). To 

facilitate the comparison of the REY patterns, the bell-shaped index (BSI) was calculated using 

the equation (Tostevin et al., 2016) below and used to approximate the enrichment of the MREE 

(Eq. 1). 

    
                         

                                                               
   (1) 

where SN denotes shale (PAAS) normalization. The higher value of BSI means the REY pattern 

exhibits greater enrichment of MREE. In addition, the concentrations of U and Mo in bulk rocks 

were normalized to Al to minimize the effects of dilution due to the presence of carbonate and 

biogenic silica (Tribovillard et al., 2006). The enrichment factors (EF) of U and Mo can be 

defined as: 

      
                

              
         (2) 

where [X] denotes the concentration of the element (Eq. 2). The concentrations of these elements 

of PAAS are from Taylor and McLennan (1985). Previous studies (Algeo and Tribovillard, 

2009; Tribovillard et al., 2012) showed that the correlation between U and Mo enrichment in 

marine sediments could elucidate information regarding redox conditions of bottom water and 

the operation of metal-oxyhydroxide particulate shuttles. Thus, U-EF and Mo-EF will be used to 

discuss the redox conditions during the Marcellus Shale deposition. 
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The C isotopes of the carbonate fraction of select samples were analyzed on a GasBench II 

device coupled to a Finnigan Delta V Advantage mass spectrometer at the IsoBioGem 

Laboratory at West Virginia University, WV, USA following the Chen and Sharma (2016) 

method. The C isotope data are reported as 
13

C, per mil deviation from the Vienna PeeDee 

Belemnite (V-PDB) standard. Typical precision of 
13

C values is better than 0.1‰ based on 

replicate analysis of the samples and in-house standards.  

Radiogenic Sr isotopes of the leachates were measured by the ThermoFisher Neptune Plus multi-

collector inductively coupled plasma mass-spectrometer (MC-ICP-MS) at the University of 

Pittsburgh, following the Wall et al. (2013) high-throughput method. The measured 
87

Sr/
86

Sr was 

normalized to SRM987 Sr standard (
87

Sr/
86

Sr = 0.710240) to facilitate the comparison with the 

previously reported data from the lab. In each analytical session, two reference standards were 

processed together with the samples to ensure the data quality. The measured 
87

Sr/
86

Sr value of 

UD6−120518−S (produced water in-house standard) was 0.719957±0.000032 (n=8) which 

agrees well with 0.719956±0.000041 (2SD; n=8)(Kolesar Kohl et al., 2014; Phan et al., 2016); 

87
Sr/

86
Sr = 0.719958±0.000020 (2SD; n=9)(Phan et al., 2018c). Likewise, analysis of EN−1 

(shell of giant clam, USGS) in this study yielded 
87

Sr/
86

Sr = 0.709156±0.000048 (2SD; n=8), 

consistent with 
87

Sr/
86

Sr = 0.709159±0.000032 (2SD; n=9)(Phan et al., 2018c) and 
87

Sr/
86

Sr = 

0.709169 (Neymark et al., 2014), where their measured 
87

Sr/
86

Sr is normalized to 0.710240. 

3 Results 

3.1 Mineralogical compositions of shales and limestones from Appalachian Basin 

Marcellus Shale samples all are rich in quartz (29-44%) and clays (31-57%) (Table 1). 

Muscovite and illite (30-48%) are found in all samples of Oatka Creek and Union Springs 

members whereas chlorite is only found in the Oatka Creek members (8-10%). Carbonates 

(calcite and dolomite) in shales range from 1% to 21%, in which calcite is more dominant than 

dolomite. Pyrite (up to ~ 5%) is present in all samples. Barite (~ 3%) was detected in one out of 

ten analyzed samples. Albite (8%) is present in two samples from Tioga County, PA, but not 

observed in the samples from Monongalia County, WV. No soluble salts such as halite were 

detected. Burket and Mahantango shales are also rich in quartz and clays (muscovite/illite and 

chlorite), however, very poor in carbonates (not detected). 
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Carbonate contents of the Marcellus Shale range from <0.5% to as much as 26% (Fig. 3A) 

whereas carbonate contents of Burket and Mahantango shales are very low, <0.5% and <1.5%, 

respectively (Table 2). The carbonate contents (weight % as CaCO3 and MgCO3) reported in 

Table 2 are calculated based on the concentrations of Ca and Mg extracted in the 1.0 N acetic 

acid leachates, following the convention used in Phan et al., (2015). The carbonate content of 

Cherry Valley limestone (located within the Marcellus Shale, e.g. Fig. 1) and Tully limestone 

range from 47 to 73% (Table 2). 

Organic poor shales (TOC<5%) are found in the uppermost portion, whereas organic-rich shales 

(TOC>5%) are in the lowermost portion, of the Marcellus Shale (Table 2; Fig. 3B). The TOC of 

Cherry Valley limestone (2%) is much lower than the adjacent organic-rich zones comprising the 

Union Springs member and part of the Lower Oatka Creek member. In the Union Springs 

member, the TOC increases with depth ranging from 4.5% to 12%. The Marcellus Shale gamma-

ray signature preserved in the MIP-3H core is mimicked by the TOC profile. The TOC of Burket 

shale ranges from 5 to 7% (Table 2).       

Based on these results, in this study, we will refer to clay and quartz-rich samples with carbonate 

content <10% and >10% as shale and calcareous shale, respectively. Rock samples that are poor 

in quartz and clays with carbonate content >40% are referred to as limestone. 

3.2 Whole-rock geochemical proxies and REY  

3.2.1 Whole-rock major elemental compositions  

The TiO2, Al2O3, and SiO2 contents of MIP-3H core exhibit a step-wise increase upward from 

Union Springs at the base to Upper Oatka Creek member at the top of the Marcellus Shale (Fig. 

3). Strong correlation (r
2
=0.93; n=33) between TiO2 and Al2O3 is observed for all samples (shale, 

calcareous shale, and limestone) from the MIP-3H core. Like TOC, the Si/Al ratios generally 

increase with sample depths (higher Si/Al ratios are found in deeper shale samples) in the Union 

Springs member (Fig. 4). The Si/Al ratios in the Union Springs member are much higher than 

those in the Oatka Creek members where Si/Al mostly remain constant with depth (Fig. 4A). At 

the base of the Union Springs member, Fe/Al ratios are greater than 1 (1.1 – 1.8) whereas Fe/Al 

ratios in the upper portions (<2298 m) are generally <0.5 and do not change with depth (Fig. 

4B). Similar Fe/Al ratios are observed in shales of the Burket Shale and Mahantango Shale 
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(Table 2). The Fe/Al of limestones are generally greater than Fe/Al of shales, probably due to 

low clastic input (Table 2). 

Bulk P contents do not vary with depth (Fig. 5A) except two Marcellus Shale samples (MIP-3H) 

containing higher levels of P (>1000 ppm): one black shale sample in the Upper Oatka Creek 

member and one limestone sample in the Union Springs member. In addition, P in one Marcellus 

Shale sample of Union Springs member from MIP-SW core (SW-5; Table 2) is 1380 ppm which 

is also greater than most of the shale samples (450  250 ppm; 2SD; n=44) reported in this study. 

3.2.2 Whole-rock enrichment factors of U and Mo  

For black and calcareous shales of the Marcellus Shale (MIP-3H core; n=33), the depth profiles 

of U (3 – 75 ppm) and Mo (2 – 343 ppm) resemble the TOC profile (Fig. 3B). The Th/U ratios 

increase upward from the base to the top of the Marcellus Shale. The highest Th/U is found in a 

calcareous shale sample (depth = 2272 m; Fig. 4C). U concentrations in Burket Shale (16 – 27 

ppm) are in similar range with U in the Marcellus Shale, and Mahantango Shale is poor in U (3 – 

5 ppm). U in limestones of Cherry Valley and Tully are poor, ranging from 1 to 3 ppm. 

The U-EF and Mo-EF do not change much in the organic poor portion of the Marcellus Shale 

(MIP-3H) and increase sharply downward starting at the base of the Lower Oatka Creek 

member. This sharp downward increase of U-EF and Mo-EF is more obvious in a 5 m thick 

interval (2295 – 2300 m) of the Union Springs (Fig. 4D and E). We found that U concentrations 

correlate well with TOC (r
2
=0.79; not shown) and U-EF (r

2
=0.86; not shown). Likewise, there is 

a good correlation between U-EF and Mo-EF (r
2
=0.73; not shown).  

3.2.3 Whole-rock REY signatures 

The total REY (REY; La through Lu and Y) of all shales is in similar range (132 – 402 ppm; 

n=33) and is generally higher than REY of limestones (85 – 149 ppm; n=5) (Tables 2 and S1). 

A general trend of increasing REY from the basal portion of the Marcellus Shale to the top 

(Fig. 5B) coincides with the trend of increasing Al and Ti contents. When normalized to Al, 

most shale and limestone samples (~80% of the samples from MIP-3H core) fall on a vertical 

line (REY/Al = 0.00250.0006; 2SD; n=28) (Figure 5C). However, the rest of the samples 

display REY/Al ratios greater than 0.0025. Particularly, four calcareous shales and one P-rich 
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black shale samples of the Marcellus Shale display anomalously high REY/Al ratios (>0.005) 

and high REY (>300 ppm; Fig. 6). Cross-plots (Fig. 6) indicate that the REY of either 

limestones, calcareous shales, or black shales do not correlate with either carbonate content, P, or 

TOC, except with Al2O3 (r
2
=0.52 if excluding the calcareous shales; Fig. 6B). 

The chondrite-normalized REY patterns of all analyzed shale samples of the Marcellus Shale, 

Mahantango Shale, and Burket Shale display the enrichment in light REE (LREE, La-Sm) and 

are relatively flat in heavy REE (HREE, Ho-Lu) (Fig. 7). Chondrite-normalized REY patterns of 

limestones are similar to the shales, except that limestones display positive Y anomalies (Fig. 

7B).  

Shale and limestone PAAS-normalized REY patterns also are similar (Fig. 7B). Most black 

shales in this study are more concentrated in REY than PAAS (horizontal line), especially 

calcareous shales, which exhibit large enrichment of the middle REE (MREE, Sm-Dy) and 

HREE (Fig. 7). It is worth noting that the PAAS-normalized REY for black shales are also 

slightly depleted in light REE (LREE, La-Nd) (Fig. 7B). The P-rich black shale sample of the 

Marcellus Shale shows substantial enrichment in MREE (bell-shaped pattern). Limestones show 

both Eu and Y positive anomalies whereas these anomalies are not so obvious in calcareous 

shales and black shales (Fig. 7). 

3.3 REY signatures in the extracted fractions  

A negligible amount <0.2% on average) of REY is extracted in the water-soluble fraction of all 

analyzed samples. REY adsorbed on the surface of minerals such as clays, and organic matter 

contributed on average <0.3% of the bulk REY in all rock samples in which adsorbed REY is 

generally higher in black and calcareous shales than in limestones (Table S1). The shale (PAAS) 

normalized patterns of adsorbed REY are slightly similar to the pattern of modern seawater but 

depleted in HREE (Fig. 7C).  

The primary carbonate fractions (extracting using 1.0 N acetic acid for 4 hours) of black shales 

contain a variable amount of REY (3 – 46 ppm) which contribute anywhere from 1 to 22% of the 

total REY (Table S1). The shale (PAAS) normalized patterns of the primary carbonate in shales 

used in this study exhibit the enrichment of MREE, typical bell-shaped patterns (Fig. 7D). This 

trend is also observed in the carbonates of the Marcellus Shale from the southcentral (SC site; 
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Fig. 1) and northeastern (NE site; Fig. 1) Appalachian Basin (Phan et al., 2018b). For limestone 

samples, REY content in the primary carbonate fractions ranges from 57 to 125 ppm which is 41 

to 67% of REY of bulk rocks. This is expected because the primary minerals in limestones are 

calcite and dolomite (Table 1). Similarly, carbonates of calcareous shales contain 129 – 219 ppm 

of REY which contribute 37 – 54% of REY of bulk rocks.  

In contrast to carbonate cement in shales, shale normalized REY patterns of the carbonate 

minerals in limestones and calcareous shales generally exhibit enrichment of HREE relative to 

LREE, positive Y anomaly, chondritic Y/Ho ratios (31 – 37), and negative Ce anomaly (Fig. 

7D). These parameters resemble those of modern open seawater (Fig. 7C). The BSI of 

calcareous shales and limestones (<2) are lower than those of carbonate cements in shale (>2) 

(Fig. 8A). For comparison, the BSI of the modern North Atlantic coastal seawater (Tepe and 

Bau, 2016) and the Middle Devonian Onondaga limestones (Phan et al., 2018b) are 0.75 and 

0.99, respectively.  

The REY in leachates using dichloromethane and toluene (Procedure C) on select shale samples 

did not yield measurable REY (Table S1; supporting materials).  

3.4 Carbon (
13

C) and strontium (
87

Sr/
86

Sr) isotopes in extracted fractions  

The 
13

C in the carbonate fraction across all samples vary over a wide range (ca. -12 – +0.9‰), 

are lower than 
13

C (ca. 0 – 1‰) of unaltered Middle Devonian carbonates (Saltzman, 2005) 

which is consistent with 
13

C in the carbonate fraction of Marcellus Shale in SC site (Chen and 

Sharma 2016). These 
13

C values display no correlation with sample depths (Fig. 5D). The 
13

C 

of Cherry Valley limestone and most of the calcareous shales are lower than the 
13

C of 

carbonate cement in black shales of the Marcellus Shale (Fig. 5D). The 
13

C values of 

Mahantango Shale and Burket Shale (-5.5 – -2.5‰) are within the range of carbonate cement in 

the Marcellus Shale. The 
13

C of Tully limestones are -3.0‰ and +0.9‰ which are also lower 

than the unaltered Middle Devonian carbonates (Fig. 5D). The 
13

C was only measured in the 

carbonate fractions in this study.  

The 
87

Sr/
86

Sr of the exchangeable fraction (adsorbed Sr) of all analyzed rock samples are higher 

than the 
87

Sr/
86

Sr of the primary carbonate fraction of the same sample (Fig. A1A; supporting 

materials). This is consistent with a previous study performed on core materials from 
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southcentral (SC site; Fig. 1) and northeastern (NE site; Fig. 1) Appalachian Basin (Phan et al., 

2018b). For calcareous and black shales of the Marcellus Shale, the 
87

Sr/
86

Sr values of adsorbed 

Sr are in similar range (0.7092 – 0.7132) which covers the range of those in Tully Limestones 

and shales from Mahantango and Burket formations.  

The 
87

Sr/
86

Sr of the primary carbonate fraction of Tully and Cherry Valley limestones and 

calcareous shales vary in a narrow range (0.7081 – 0.7087) which is close to 
87

Sr/
86

Sr of 

unaltered Middle Devonian carbonates (0.7076 – 0.7079; Diener et al., 1996). On the other hand, 

87
Sr/

86
Sr of the primary carbonate fractions (0.7085 – 0.713) of black shales (i.e., carbonate 

cement) are much greater (contain more radiogenic isotope) than unaltered Middle Devonian 

carbonates (Fig. 8B). Carbonate cements with high 
87

Sr/
86

Sr do not necessarily contain higher Sr 

concentrations, and show no observable difference in Sr/Ca (Fig. 8C). For example, the 

carbonate fractions in the Oatka Creek members are more radiogenic than those in the Union 

Springs member (Fig. 5E). 

4 Discussion 

4.1 Establishing contributions from carbonate versus detrital minerals in sequentially-

extracted fractions 

Differentiating contributions from the carbonate and detrital minerals is an important step for 

ensuring appropriate geochemical interpretations throughout the discussion. Al and 
87

Sr/
86

Sr 

signatures can be applied towards evaluating the contributions of carbonate versus detrital 

minerals to the measured geochemical signatures. Both mineral fractions are capable of reacting 

with the 1.0 N acetic acid applied for extracting the “carbonate fraction” in this study. 

Comparison of results between the 4-hour 1.0 N acetic acid step, and samples subjected to an 

additional 2 h exposure to 1.0 N acetic acid, shows that the first acetic acid step can be clearly 

distinguished as being a “carbonate fraction” while the additional exposure to acetic acid is 

contaminated with the “detrital fraction”.  

The Al/(Ca+Mg) in the 1.0 N acetic acid (extra 2 hours) extracted fractions are all greater than 

those in the 1.0 N acetic acid (first 4 hours) extracted fractions (Figure A2A). BSI and 
87

Sr/
86

Sr 

are also greater in the sample exposed for an additional 2 hours, and Y/Ho is lower. These trends 

are best explained by the preferential dissolution of detrital minerals such as clays in the sample 

exposed to acetic acid for an additional 2 hours, which does not occur in the prior 4 hour 
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extraction step. It is possible that the solutions are still acidic at the end of the first acetic acid 

exposure, thereby allowing for enhanced dissolution of non-carbonate phases. Fresh exposure of 

detrital materials due to removal of carbonates in the 1.0 N acetic acid 4h leach also could render 

them available for dissolution in the additional 2 h step. The end result is that Al, which is 

associated with detrital content, is preferentially released during the additional 2h acetic acid 

step.  

Release of more radiogenic Sr with the additional 2h in 1.0 N acetic acid step further supports 

the observation that detrital mineral dissolution occurred during the sequential extractions, 

however did not significantly influence dissolved chemical species present in the carbonate 

fraction (first acetic acid step). A previous study (Phan et al., 2018b) showed that 
87

Sr/
86

Sr in the 

detrital minerals of the Marcellus Shale ranged from 0.711 to 0.723. Such 
87

Sr/
86

Sr range is much 

greater than the range of 
87

Sr/
86

Sr observed in the primary carbonate fraction of the Marcellus 

Shale samples analyzed in this study (0.708 – 0.713; Fig. 8B). These results allow for 
87

Sr/
86

Sr to 

be applied in differentiating the REY signal from carbonate minerals and detrital materials in 

shales.  

To further ensure the reliability of using 1.0 N acetic acid (4 hours) in selectively extracting 

carbonate materials in shales, a second independent leaching procedure using 0.2 N nitric acid 

for 15 minutes (Tostevin et al., 2016) was applied on select samples. The limited volume of 0.2 

N nitric acid was used to ensure incomplete dissolution of carbonate materials (Tostevin et al., 

2016). We found that acetic acid leaches more Al from limestones than nitric acid but little 

difference exists between both procedures when applied to shales (Fig. A2; supporting 

materials). This is unexpected because dissolution of carbonate minerals in limestones buffers 

solution pH more than in shales, thus minimizing the risk of dissolution of non-carbonate 

materials (Tostevin et al., 2016). On the other hand, there is no observable difference in Y/Ho 

and 
87

Sr/
86

Sr between two leachate solutions of either 1.0 N acetic acid or 0.2 N nitric acid (Fig. 

A2; supporting materials) for both shales and limestones. However, the BSI in 0.2 N nitric acid 

leachates are slightly higher than those in the acetic acid leachates.  

Overall, the reasonable consistency in REY patterns and 
87

Sr/
86

Sr in the carbonate leachates 

extracted by either procedure A or B suggests that the REY and 
87

Sr/
86

Sr of the primary 

carbonate fraction (Procedure A) represent the signatures of the target carbonate phase without 
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significant contamination from detrital materials. The variations in 
87

Sr/
86

Sr and REY signatures 

of carbonate cements in studied shales are much greater than any deviation induced by the 

dissolution of non-carbonate minerals, suggesting that partial leaching using 1.0 N acetic acid for 

4 hours can be reliably done to evaluate carbonate diagenesis in shales. 

4.2 Depositional environment of Marcellus Shale in the northeastern West Virginia – 

comparison to prior studies in other locations 

The discussion in this section focuses on the depositional and diagenetic influences on the 

Marcellus MIP-3H core, which will be the focus of more detailed analysis in subsequent 

discussion sections. Previous studies on core materials from other regions of the Appalachian 

Basin showed that the Marcellus Shale was deposited under anoxic to euxinic (anoxic and 

sulfidic) conditions (Chen and Sharma, 2016; Lash and Blood, 2014; Phan et al., 2018b; 

Sageman et al., 2003; Ver Straeten et al., 2011; Werne et al., 2002) with intermitted episodes of 

dysoxic to perhaps oxic conditions, even in the organic-rich Union Springs member (Blood and 

Lash, 2015; Chen and Sharma, 2016). The following discussion outlines how results for the 

MIP-3H core compare to these prior studies.  

We found a greater abundance of clastic sediment in the uppermost section compared to lower 

sections of the MIP-3H core, as demonstrated through the correlation between TiO2 and Al2O3 

(Fig. 4). The stepwise upward increase in clastic flux observed in the Marcellus Shale succession 

in the MIP-3H core is consistent with clastic flux observed in the Whipkey State #1 (WS) core 

(Chen and Sharma 2016). Even though the MIP-3H core in northeastern West Virginia is closer 

to the orogenic belt to the east than the WS core in Greene County, PA, USA (Chen and Sharma, 

2016, 2017; Lash and Blood, 2014; Phan et al., 2018b), geochemical data demonstrated that the 

detrital input in MIP-3H core is very similar to the WS core. If wind-worked detritus/eolian input 

contributed to the clastic sediments, mineral sorting would be expected, thus, leading to variable 

Ti/Al in the sediment (Caplan and Bustin, 1998). However, a good correlation between Ti and Al 

(r
2
=0.93; not shown) for all samples in MIP-3H core suggests that the fluxes of Ti containing 

minerals and clays are strongly linked together, likely from the same source. These detrital 

materials are predominantly from Grenville orogenic belt to the east of the depositional basin 

(Phan et al., 2018b).  
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The organic-rich portion of MIP-3H includes the Union Springs member and the basal section of 

the Lower Oatka Creek member (>2285 m; Fig. 4). Within this stratigraphic depth, large 

downward enrichment in U and Mo, and Si/Al was observed in comparison to the overlying 

organic poor portion. This observation is suggestive of reducing environment of bottom water 

established by enhanced biological production during deposition of this portion. High 

productivity in the surface water is also supported by correlations between TOC vs. Si/Al 

(r
2
=0.36; not shown) and Fe/Al (r

2
=0.74; not shown) in this section of MIP-3H. Assuming that 

the redox conditions during deposition correlate with the enrichment of U, Mo, and the 

accumulation of organic matter (i.e., TOC content), the base of the Union Springs member 

(~2299m) was under a more reducing environment during the early depositional stages of the 

Marcellus Shale.  

Shales from MIP-3H core exhibit a strong enrichment of Mo relative to U at all EFs, indicating 

the operation of particulate shuttle (Tribovillard et al. 2012; Phan et al., 2018b) during the 

deposition of the Marcellus Shale. Particle scavenging of Mo operates when there is preferential 

adsorption of Mo onto metal-oxyhydroxides (e.g., Mn oxyhydroxide) and organic matter at the 

upper water column, and then adsorbed Mo was carried downward and accumulated as 

thiomolybdates under sulfidic and anoxic bottom water (Kendall et al., 2017). This mechanism 

exhibits little effect on aqueous U, thus enhancing the transfer of aqueous Mo to the sediment. 

Particularly, Mo-EF in the Union Springs member (Mo-EF=63 – 415) are much greater than the 

overlying Oatka Creek members. This is consistent with the trend observed in the Marcellus 

Shale in the southcentral and northeastern Appalachian Basin (Phan et al., 2018b). The large 

accumulation of U in this organic-rich portion occurred due to the reduction of U from seawater 

under anoxic conditions. Phan et al. (2018b) proposed that the reduction process was microbially 

mediated because of the large difference in U isotope composition between the shales and 

seawater. Further evidence of anoxic to euxinic bottom water conditions at the base of the Union 

Springs member is indicated by elevated Fe/Al (Fig. 4B). High Fe/Al in this portion likely 

coincides with the presence of abundant small size pyrite framboids in this section of WS core 

(Chen and Sharma, 2016; Lash and Blood, 2014).    

In contrast to conditions during deposition of the organic-rich shale, the surface water 

productivity was plausibly lower during deposition of overlying organic-poor section as 
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indicated by its lower TOC content (Fig. 3B). Similarly, the enrichment of U and Mo is not as 

extensive in the organic poor portion, but still greater than 3 for U-EF and 88 for Mo-EF of most 

samples comprising the Upper Oatka Creek member (<2285 m). In this section, U concentration 

also correlates well with Mo (r
2
=0.72), as well as the EFs (r

2
=0.71; not shown). High U-EF and 

preferential enrichment of Mo relative to U, as observed in the Union Springs member, suggest 

that the reducing bottom water could have been intermittently rich in sulfide (Kendall et al., 

2017). With one calcareous shale sample at depth 2271.9 m, U and Mo are solely derived from 

clastic sediment (U-EF=Mo-EF=1) which is also supported by high Th/U (Th/U=3). These 

geochemical data suggest that this section in the Upper Oatka Creek member was possibly 

deposited under oxidizing bottom water conditions. Under such conditions, authigenic 

accumulation of trace metals such as U and Mo is negligible because they occur predominantly 

as soluble complexes with either carbonate or stable molybdate ion (Langmuir, 1997). 

In summary, the studied MIP-3H core in northeastern West Virginia reported in this study is 

closer to the orogenic highlands to the east than the WS core but received similar clastic flux. 

Geochemical data of MIP-3H core confirm that the organic-rich portion (base of the Lower 

Oatka Creek and Union Springs members) was deposited under more reducing bottom water 

conditions than the overlying organic poor portion. Elevated levels and fluctuation of U-EF and 

Mo-EF within the stratigraphic depth of the core indicate that bottom water redox conditions 

varied during the depositional period. This change could be due to higher clastic flux in the 

organic poor portion due to rising sea levels, or diminished productivity, or both. 

4.3 Application of REY to characterize diagenetic processes    

Results from both whole-rock and sequential extraction analyses show that detrital materials 

such as siliciclastic minerals, coupled with contributions from authigenic phases, are the main 

source of REY in both black shales and limestones analyzed in this study. Detailed analysis of 

REY in the authigenic phases (e.g., sequentially-extracted samples) helps to further explain 

diagenetic processes associated with the MIP-3H core.  

4.3.1 Whole-rock REY 

As discussed in 4.2, clastic flux increased upward in the MIP-3H core which explains the 

coinciding increasing trend of REY in the Marcellus Shale in this core (Fig. 5B). When 

normalizing to Al, a detrital proxy, most shale samples fall on a vertical line in the depth profile 
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plot of REY/Al (Fig. 5C). These observations suggest that the detrital materials in shales 

dominate the REY content with REY/Al (ppm/ppm) = 0.00250.0006 (2SD; n=28) for most 

samples.  

Some shale samples exhibit greater REY/Al values, and all four analyzed calcareous shales 

have REY/Al ranging from 0.0051 to 0.0085, which is five times greater than detrital 

dominated REY samples (REY/Al = 0.00250.0006). This observation is further supported by 

the fact that the shale (PAAS) normalized patterns of these calcareous shales is higher than all 

black shales and displays a strong enrichment of HREE relative to LREE (Fig. 7B). The bulk P 

contents in these calcareous shales are similar to the black shales in this study (Fig. 6C) 

suggesting that phosphate minerals are not likely the primary cause of authigenic enrichment of 

REY in our studied samples. Moreover, the REY patterns of these calcareous shales are more 

similar to the seawater REY signature (Tepe and Bau, 2016) than the common MREE 

enrichment patterns of phosphate nodules (Zhang et al., 2016).  

Neither organic matter (e.g., TOC) nor carbonate content exhibits any correlation with REY. 

On the other hand, a moderate correlation between Al2O3 and REY (r
2
=0.52) indicates a 

primary detrital origin of REY in studied limestones and shales, with a likely contribution from 

authigenic phases. 

4.3.2 REY in sequentially-extracted fractions 

The REY in the water soluble, exchangeable, and primary carbonate fraction leachates are used 

to evaluate which authigenic components cause the enrichment in REY, particularly in the 

calcareous shales and one P-rich sample of the Marcellus Shale. Like previous work (Phan et al., 

2018b), REY in the water-soluble and exchangeable fractions of the Marcellus Shale from MIP-

3H core are negligible, <0.2% and <0.3%, respectively. The REY in water-soluble fractions are 

below the detection limits, and therefore not discussed here. The REY detected in the 

exchangeable fraction mimic a typical seawater REY pattern (e.g., Tepe and Bau, 2016), 

displaying negative Ce anomalies and HREE depletion (Fig. 7C). This reflects an influence of 

later fluid flow processes involving evaporated paleo-seawater due to the similarity with the 

seawater REY pattern. There are two possible explanations for the depletion of HREE in the 

exchangeable fractions of the Marcellus Shale: delayed desorption kinetics during the sequential 
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extraction, or incomplete preservation of seawater REY due to sorption phenomena associated 

with HREE.  

Based on the model of lanthanides desorption from clays (Moldoveanu and Papangelakis, 2012) 

and the hydration energy of lanthanides (Habenschuss and Spedding, 1979a, b, 1980), LREE 

would be desorbed from the surface of clays faster (more preferentially) than HREE because the 

ionic hydration increases from La to Lu due to the contraction in ionic radii (Spedding et al., 

1977). Moldoveanu and Papangelakis (2012) showed that desorption of REY from clays occurs 

quickly, less than 5 minutes to reach equilibrium stage. For comparison, our leaching procedure 

for cation exchange fraction was conducted for 4 hours in 1.0 N ammonium acetate at pH 8. This 

leaching time is much longer than the time needed to allow the desorption to complete. Thus, 

incomplete desorption (leaching process), particularly for HREE due to their higher hydration 

energies, is unlikely to be influencing the REY measured in the exchangeable fraction leachate.  

The exchangeable REY data indicate that the REY signature in the diagenetic fluid was not fully 

preserved during adsorption. It is likely that the adsorption of HREE from the diagenetic fluid 

onto surfaces of organic matter and clays was limited due to higher hydration energies of HREE 

compared to LREE. Thus, the exchangeable fraction’s seawater-like REY patterns with HREE 

depletion can be explained by the theoretical mechanism of REY adsorption on clays 

(Moldoveanu and Papangelakis, 2012) and by the diagenetic fluid likely consisting of evaporated 

seawater. 

The carbonate cements of all black shales in the MIP-3H core consistently exhibit the enrichment 

of MREE (Fig. 7D). In contrast, REY patterns of the carbonates in calcareous shales and 

limestones exhibit HREE enrichment, LREE depletion, negative Ce anomalies, and slightly 

chondritic Y/Ho (31-37), which are like modern seawater REY signatures (Fig. 7D). No 

phosphate was detected by ion chromatography in the carbonate extracts of these calcareous 

shales (Table S1), thereby ruling out the contribution of phosphate minerals to the REY content 

in the carbonate fraction extracts. A previous study showed that the enrichment of MREE in both 

the remnant organic matter and carbonate cement fractions of the Marcellus Shale likely reflects 

the interactions between diagenetic pore fluid (a precursor of carbonate cement) and the organic 

matter in the shale during diagenesis (Phan et al., 2018b).  
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Carbonate concretions are found in four calcareous shale lenses (Fig. 2A) in both Oatka Creek 

and Union Springs members. In these lenses, the carbonates contain seawater-like REY patterns 

to some extent which are distinct from the MREE enrichment patterns of carbonate cements in 

black shales in surrounding depths. These thin lenses of calcium carbonate concretions at ~2272, 

2276, 2288, and 2298 m (Fig. 2A) could possibly be derived from high alkalinity pore fluid that 

preserved the signature of seawater. It has been proposed that the carbonate concretions (e.g., 

calcareous shales in this study) in the Marcellus Shale could have been derived from the 

anaerobic oxidation of methane in the sulfate-reducing zone, producing high alkalinity and 

sulfide-rich porewater (Lash and Blood, 2014; Chen and Sharma 2016). This mechanism is also 

supported by 
87

Sr/
86

Sr data, showing that 
87

Sr/
86

Sr values in the carbonate of calcareous shales 

(0.7081 – 0.7087) are very close to unaltered Middle Devonian carbonates (0.7076 – 0.7079; 

Diener et al., 1996).  

Authigenic carbonate minerals tend to dominate the bulk rock REY inventory of calcareous 

shales. Unlike carbonate cements, the carbonate concretions extracted from the calcareous shales 

are more concentrated in REY, which contributes 37 – 54% of REY of the whole-rock. 

Similarly, as shown in Fig. A1B, REY*1000/(Ca+Mg) of calcareous shales are greater than 1 

whereas REY*1000/(Ca+Mg) of carbonate cements are less than 1. Therefore, the REY in 

carbonate cements possibly reflects complex alteration processes after their formation. This 

indicates a greater influence of diagenesis on black shale geochemistry.  

Several hypotheses explaining the mechanisms of MREE enrichments in the black shale 

carbonate cements are considered. It is possible for the MREE enriched signature in carbonate 

cements to be derived from the organic matter during thermal maturation in the Marcellus Shale, 

as previously proposed in Phan et al. (2018b). The results from this study (Phan et al., 2018b) 

corroborates with Freslon et al. (2014) that documented MREE enrichment in modern 

sedimentary organic matter. It is unlikely that MREE enrichments of REY in the Marcellus Shale 

was caused by adsorption onto Fe- and Mn- oxyhydroxide surfaces (Gutjahr et al., 2007; Haley 

et al., 2004) as it was deposited under anoxic to euxinic conditions (Blood and Lash, 2015; Chen 

and Sharma, 2016; Lash and Blood, 2014; Phan et al., 2018b; Sageman et al., 2003; Werne et al., 

2002), not conducive to Fe- and Mn-oxyhydroxide formation. The exact mechanism(s) 

explaining the similarity in the MREE enriched patterns between carbonate cement and remnant 
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organic matter in the Marcellus Shale remains unclear. However, we postulate that the diagenetic 

process were post depositional: the carbonate cement was either formed much later (when 

sediment column was more compacted) than the carbonate concretions in calcareous shales, or 

significantly altered by diagenesis in shales during burial, or a combination of both processes.  

4.4 Post-depositional alteration of carbonate cement in black shales 

The carbonate in limestones likely formed by direct precipitation from seawater based on the 

87
Sr/

86
Sr signatures, and the REY in the methane-derived authigenic carbonates in the calcareous 

shales are mainly derived of diagenetic porewater originating from paleo-seawater, with minimal 

influence of later diagenesis. The 
87

Sr/
86

Sr values in the primary carbonate fraction of Tully and 

Cherry Valley limestones and calcareous shales are close to 
87

Sr/
86

Sr (0.7076 – 0.7079) of 

unaltered carbonate minerals precipitated from the Middle Devonian seawater (Diener et al., 

1996). Likewise, the REY patterns of these carbonate (HREE enrichment relative to LREE, 

BSI<2, Fig. 7D) to some extent resemble modern seawater REY signature (Tepe and Bau, 2016). 

With an exception, the Y/Ho in carbonates in limestones (31-37) and calcareous shales (27-30) 

which are generally lower than hydrogenous carbonates (Y/Ho > 36; Tostevin et al., 2016). 

The 
13

C measured in carbonate concretions and the Cherry Valley limestone appears to 

contradict the above conclusion, as the values are much lower than unaltered Middle Devonian 

carbonates (Saltzman, 2005) (Fig. 5D). Overall, 
13

C values do not follow any trend with depth 

or 
87

Sr/
86

Sr (Fig. 5D). We propose that the carbon isotope signature is affected by upward 

methane flux in the sediment column and across buried strata, which can fluctuate and hence 

does not faithfully reflect the chemistry of the local porewater at a specific stratigraphic depth. 

Because of the potential complications involved with applying 
13

C to understand diagenetic 

influence on the system, we are considering 
87

Sr/
86

Sr signature in carbonate as more conservative 

indicator of chemical evolution of carbonates in the system.   

In contrast to observations for the carbonate concretions, carbonate cements in black shales 

appear to be significantly influenced by diagenesis. Results from both this study and a prior 

study (Phan et al., 2018c) show that Sr/Ca by weight (0.001 – 0.005) in carbonate cements of the 

Marcellus Shale do not vary stratigraphically and geographically across the Appalachian Basin. 

However, 
87

Sr/
86

Sr in carbonate cements of black shales (0.7085 – 0.713) exhibit a good and 

negative correlation with sample depth (r
2
=0.66; not shown), and more radiogenic Sr was found 
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in the shallower depth. This trend indicates the release of more radiogenic Sr into the pore fluid 

without inducing a significant change in Sr/Ca (Fig. 8C), consistent with Stewart et al., (2015). If 

the pore fluid was mixed well in the sediment column, a uniform 
87

Sr/
86

Sr value in the carbonate 

cements would be expected. Thus, the observed variation in 
87

Sr/
86

Sr (Fig. 8B) suggests that the 

porewater was not mixed and was affected locally by the surrounding minerals.  

Expulsion of radiogenic isotope 
87

Sr during the transformation of clays from smectite to illite 

(Chaudhuri and Clauer, 1993; Osborn et al., 2012) can explain high 
87

Sr/
86

Sr in the carbonate 

cement (Fig. 8B). This mechanism was also proposed by Stewart et al. (2015) for explaining the 

enrichment of radiogenic Sr in carbonate cements in the Marcellus Shale in the northeastern 

Appalachian Basin (NE site; Fig. 1). Our results also show that carbonate cements in the Oatka 

Creek members are more radiogenic (higher in 
87

Sr/
86

Sr) and display more bell-shaped REY 

patterns (higher in BSI) compared to the Union Springs members (Fig. 5E; Table 2). A good 

correlation (r
2
=0.70; not shown) between 

87
Sr/

86
Sr and BSI in the carbonate cements suggests 

that high 
87

Sr/
86

Sr and high BSI (i.e., generation of MREE enrichment) in carbonate cements are 

controlled either by the same process, or different processes occurring under similar burial 

conditions.  

Many studies (Clauer et al., 2018; Pagel et al., 1997; Williams and Hervig, 2005) have shown 

that illite-smectite transformation occurs at the same diagenetic temperature and pressure 

conditions that generate hydrocarbons (oil and gas) from kerogen. Because carbonate cement and 

the remnant organic matter both displayed MREE enriched pattern in a prior study on Marcellus 

Shale (Phan et al., 2018b), it is reasonable to assume that REY in these two pools was derived 

from the same source. During the illite-smectite transition, the REY with MREE enrichment was 

possibly released from smectite into pore fluid which was then incorporated into the remnant 

organic matter during catagenesis, and later preserved in the resulting carbonate cement. This 

clay transition process also expelled more radiogenic Sr (Chaudhuri and Clauer, 1993; Osborn et 

al., 2012) into the pore fluid, explaining the greater 
87

Sr/
86

Sr values in carbonate cements 

compared to the carbonate concretions or adjacent limestone units in this study. A schematic 

model explaining the diagenetic alteration of carbonate minerals during diagenesis and 

catagenesis in the Appalachian Basin is shown in Figure 9. 
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5 Conclusions 

This study investigated the sources, distribution, and diagenetic modification of sedimentary 

rocks in the Appalachian Basin. The results demonstrated that authigenic components in the 

samples provide more detailed information regarding depositional and diagenetic processes 

occurring in the sedimentary rocks.  

Geochemical signatures from carbonate versus detrital mineral fractions in this study were 

distinguishable by the sequential extraction procedures. Fairly consistent REY patterns and 

87
Sr/

86
Sr were observed in the carbonates of shales extracted by either 1.0 N acetic acid for 4 

hours or 0.2 N nitric acid for 15 minutes. The reproducible results obtained by two leaching 

methods indicate that REY and 
87

Sr/
86

Sr in the 1.0 N leachates represent the genuine signatures 

of the target carbonates in analyzed rocks. However, additional leaching for 2h with acetic acid 

induced dissolution of clays. Dissolution of detrital minerals led to the preferential release of 

MREE, decrease in Y/Ho, and release of more radiogenic Sr. Thus, partial leaching using 1.0 N 

acetic acid for 4 hours is recommended for extracting REY and 
87

Sr/
86

Sr from the carbonate 

minerals in shales and limestones, to avoid contamination from detrital phases during longer 

leaching periods. 

The detailed analysis for the MIP-3H core is relatable to other studies on depositional and 

diagenetic history of the Marcellus Shale. Progradation of the clastic sediment (Sageman et al. 

2003)) from the Grenville orogenic belt (Phan et al., 2018b) during the Middle Devonian age is 

also observed in the Marcellus Shale in our studied core (MIP-3H) in the northeast of West 

Virginia. Even though this core is in proximity to the highlands to the east, the amount of the 

clastic flux in this core is similar to the WS core which is more distal to the detrital sediment 

source. The organic-rich portion (base of the Lower Oatka Creek and Union Springs members) 

was deposited under more reducing bottom water conditions than the overlying organic poor 

portion. High and alternating enrichments of U and Mo within the stratigraphic depth of the core 

demonstrate that bottom water redox conditions varied during the depositional period, possibly 

alternating between persistently anoxic in the Union Springs member to intermitted episodes of 

dysoxic/oxic conditions in the Upper Oatka Creek member.  

The REY in Marcellus Shale is primarily derived from detrital materials in which REY/Al 

(ppm/ppm) = 0.00250.0006 (2SD; n=28). This study suggests that this value can be used to 
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infer the contribution of authigenic REY in shales. Unlike carbonate cements, methanogenic 

derived carbonate minerals in calcareous shales (carbonate concretions) are more concentrated in 

REY which contributes 37 – 54% of REY of bulk rocks and dominates the bulk rock REY 

inventory of calcareous shales. 

This study showed a proof-of-concept of a new approach that the bell-shaped indices (BSI) of 

the carbonate minerals can be used to evaluate the degree of diagenetic influence in shales. The 

greater value of BSI infers a greater influence of post-depositional processes on the carbonate 

minerals in shales. The results of this study also suggest that the
 87

Sr/
86

Sr in carbonates is more 

conservative in preserving the chemistry of precursor fluid than 
13

C, particularly for 

investigating the diagenetic influence/origin of carbonate minerals. Even though the carbonates 

in calcareous shales shared some features (
87

Sr/
86

Sr, REY) similar to seawater, these carbonates 

do not entirely inherit paleo-seawater chemistry and could have been influenced by diagenesis to 

some extent (however not as much as in carbonate cements). Therefore, caution should be 

exercised in applying REY patterns in carbonate minerals for reconstruction of paleo redox 

conditions or paleo-seawater chemistry. 

As a record of the smectite to illite transition, which relates to thermal maturation of kerogen 

within the shale, the authigenic phases provide an important view into historic geologic 

processes contributing to current unconventional oil and gas reservoirs. A positive correlation 

between the bell-shaped indices and 
87

Sr/
86

Sr in the carbonate minerals in the Marcellus Shale 

reflects the concurrent source of REY and radiogenic Sr (
87

Sr) in the pore fluid during diagenetic 

smectite-illite transformation. This process likely released more MREE into pore fluid, thus 

explaining the enrichment of the MREE in carbonate cements. Under similar temperature and 

pressure conditions of catagenesis, the REY enriched in MREE in porewater could be likely 

incorporated and preserved in the remnant organic matter in black shales. 
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Figure Captions 

Figure 1. The Middle Devonian paleogeography map modified after Blakey (2013) (a) and the 

present-day map modified after Whitacre (2014) (b) show the geographic location of the 

Marcellus Shale Energy and Environment Laboratory (MSEEL) site (filled circle) in Monongalia 

County, WV, USA. At MSEEL site, two adjacent cores (MIP-3H and MIP-SW) within 800 m 

from each other were recovered for this study. High resolution samples were collected along the 

entire length of MIP-3H core (Upper and Lower Oatka Creek members, Cherry Valley 

limestone, and Union Springs member) and samples of underlying and overlying formations 

(Mahantango Shale, Tully limestone, Burket Shale) were collected from the adjacent MIP-SW 

core. In addition, two Marcellus Shale samples were collected from a core in TG site (open 

circle) in Tioga County, PA, USA. The locations of SC (filled star) and NE site (open star), 

previously reported in Phan et al., (2018b), are shown for reference. Gamma ray logs of MIP-3H 

and MIP-SW drill cores in MSEEL site are from Paronish (2018). 

Figure 2. Three parallel sequential extraction procedures used in this study. 

Figure 3. Depth profiles of carbonate contents (wt. %), TOC contents (wt. %), and TiO2 (wt. %), 

Al2O3 (wt. %), and SiO2 (wt. %) of whole rock samples as detrital proxies for MIP-3H core in 

Monongalia County, WV, USA. The carbonate contents as CaCO3 and MgCO3 are calculated 

based on the concentrations of Ca and Mg in the primary carbonate fraction (1.0 N acetic acid for 

4 hours). Whole rock Mo (ppm) and U (ppm) concentrations correlate well with TOC (wt. %). 

Gamma-ray log is from Paronish (2018). Simplified stratigraphy is based on the mineralogical 

compositions of the samples reported in this study. 

Figure 4. Variation in Si/Al (A), Fe/Al (B), Th/U (C) of bulk rocks and the enrichment factors of 

U (D) and Mo (E) in whole rock samples of MIP-3H core in Monongalia County, WV, USA. 

Figure 5. Variation in P (A), REY (B), REY/Al (C) of bulk rocks, 
13

C of the primary 

carbonates (D), and 
87

Sr/
86

Sr (E) of the primary carbonate fraction (Procedure A: 1.0 N acetic 

acid, 4 hours; Fig. 2) with depth. Ranges of 
13

C, ca. 0 – 1‰ (Saltzman, 2005) and 
87

Sr/
86

Sr, 

0.7076 – 0.7079 (Diener et al., 1996) values of unaltered Middle Devonian carbonates (within 

the thickness of the bars, D and E) are shown for comparison. 

Figure 6. Cross-plots showing the relationships between carbonate contents (A), Al2O3 (B), P 

(C), and TOC (D) with REY in bulk rocks. The carbonate contents (wt. %) as CaCO3 and 

MgCO3 are calculated based on the concentrations of Ca and Mg in the primary carbonate 

fraction (1.0 N acetic acid for 4 hours). The linear trend line (r
2
=0.52) in (C) is plotted for all 

analyzed samples except the four calcareous shales.  

Figure 7. Chondrite-normalized (A) and post Archean Australian Shale (PAAS) normalized 

REY patterns of whole rock (B), exchangeable fraction (adsorbed REY; C) and primary 

carbonate fraction (D) (Procedure A in Figure 2) of all samples reported in this study. The REY 

data of chondrite and PAAS (Table S1, supporting material) are from Pourmand et al. (2012). 

The REY data of North Atlantic coastal seawater are from Tepe and Bau (2016). Dotted line and 

pointing down arrows depict the depletion of HREE in the exchangeable fractions of all analyzed 

samples relative to seawater. The data plotted in these figures are reported in the supporting 

materials. 
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Figure 8. Cross-plots showing the relationships between bell-shaped index (BSI) vs. the 

carbonate content (A) and 
87

Sr/
86

Sr vs. Sr/Rb in the primary carbonate fraction (B). The BSI of 

modern North Atlantic coastal seawater (Tepe and Bau, 2016) and Onondaga limestones 

(diamond symbol; Phan et al. (2018b)) are shown for comparison. The 
87

Sr/
86

Sr of unaltered 

carbonate end-member = 0.7076 – 0.7079 (Diener et al., 1996) and its Sr/Rb is presumed. The 

dashed line reflects the diagenetic evolution of an unaltered carbonate end-member toward an 

extremely modified carbonate end-member (high 
87

Sr/
86

Sr and low Sr/Rb). The solid arrow 

represents the addition of 
87

Sr, possibly expelled from clays during smectite-illite transformation.     

Figure 9. A schematic diagram explaining the diagenetic alteration of carbonates in shales and 

limestones of the Appalachian Basin based on the results of this study and a previous study 

(Phan et al., 2018b). Primary carbonate minerals (Procedure A, Figure 2) of black shales, 

calcareous shales, and limestones are referred to as carbonate cement, carbonate concretion, and 

limestone carbonate, respectively. 
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Table Captions 

Table 1. Semi-quantitative mineralogical composition (weight %) of selected samples reported 

in this study 

Table 2. Total organic carbon, carbonate, major, minor, and rare earth element concentrations in 

whole rocks 
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Sampl
e ID 

Well name (API 
number) Coordinate Location Formation 

Qua
rtz 

Muscovite
/Iillite 

Chlo
rite 

Calc
ite 

Dolo
mite 

Pyri
te 

Bari
te 

Albi
te 

Marca
site 

K-
feldsp

ar 
Gyps
um 

     
% % % % % % % % % % % 

MIP3
H-11 

MIP-3H 
(4706101707) 

39°36'06.5"N 
79°58'34.0"W 

Monongalia Co., 
WV, USA 

Marcellus 
Shale 38 33 10 15 3.0 1.0 n/d n/d n/d n/d n/d 

MIP3
H-23 

MIP-3H 
(4706101707) 

39°36'06.5"N 
79°58'34.0"W 

Monongalia Co., 
WV, USA 

Marcellus 
Shale 31 30 9.5 18 2.9 3.8 n/d n/d n/d n/d n/d 

MIP3
H-31 

MIP-3H 
(4706101707) 

39°36'06.5"N 
79°58'34.0"W 

Monongalia Co., 
WV, USA 

Marcellus 
Shale 30 48 8.5 0.9 n/d 3.8 2.8 n/d n/d n/d n/d 

MIP3
H-36 

MIP-3H 
(4706101707) 

39°36'06.5"N 
79°58'34.0"W 

Monongalia Co., 
WV, USA 

Marcellus 
Shale 37 48 7.8 1.0 n/d 2.9 n/d n/d n/d n/d n/d 

MIP3
H-65 

MIP-3H 
(4706101707) 

39°36'06.5"N 
79°58'34.0"W 

Monongalia Co., 
WV, USA 

Marcellus 
Shale 44 31 n/d 10 1.9 5.6 n/d n/d n/d n/d n/d 

MIP3
H-89 

MIP-3H 
(4706101707) 

39°36'06.5"N 
79°58'34.0"W 

Monongalia Co., 
WV, USA 

Marcellus 
Shale 35 47 n/d 7.6 0.9 3.8 n/d n/d n/d n/d n/d 

MIP3
H-99 

MIP-3H 
(4706101707) 

39°36'06.5"N 
79°58'34.0"W 

Monongalia Co., 
WV, USA 

Marcellus 
Shale 30 38 n/d 17 0.9 4.5 n/d n/d n/d n/d n/d 

SW-44 
MIP-SW 

(4706101705) 
39°36'32.0"N 
79°58'47.7"W 

Monongalia Co., 
WV, USA 

Burket 
Shale 32 48 6.7 1.0 n/d 2.9 n/d 4.8 1.0 n/d n/d 

SW-36 
MIP-SW 

(4706101705) 
39°36'32.0"N 
79°58'47.7"W 

Monongalia Co., 
WV, USA 

Burket 
Shale 29 50 5.8 n/d n/d 2.9 n/d 7.7 n/d n/d 1.9 

SW-21 
MIP-SW 

(4706101705) 
39°36'32.0"N 
79°58'47.7"W 

Monongalia Co., 
WV, USA 

Mahantang
o Shale 31 48 8.9 n/d n/d 2.0 n/d 7.9 n/d n/d 1.0 

SW-17 
MIP-SW 

(4706101705) 
39°36'32.0"N 
79°58'47.7"W 

Monongalia Co., 
WV, USA 

Mahantang
o Shale 33 48 7.9 n/d n/d 2.0 n/d 6.9 n/d n/d 1.0 

SW-5 
MIP-SW 

(4706101705) 
39°36'32.0"N 
79°58'47.7"W 

Monongalia Co., 
WV, USA 

Marcellus 
Shale 40 44 10.0 2.0 3.0 1.0 n/d n/d n/d n/d n/d 

MS-
Slab1 n/a n/a 

Tioga Co., PA, 
USA 

Marcellus 
Shale 29 44 6.0 6.9 3.0 3.0 n/d 7.9 n/d n/d n/d 

MS-
Slab2 n/a n/a 

Tioga Co., PA, 
USA 

Marcellus 
Shale 33 46 3.8 1.0 1.9 2.9 n/d 7.7 n/d n/d n/d 

n/d= not detected; n/a = not available; note: the percentage of minerals are normalized 
to (100%-%TOC) 

          Table 1 
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Sampl
e ID 

Well 
name Location 

Forma
tion 

Rock 
Type Depth 

Carbo
natea TOC P  Na Mg Al Si K  Ca Ti Fe 

M
o Th U REYb REY/Al Fe/Al Th/U 

U-
EF 

M
o-
EF 

REY 
in 

prima
ry 

carbo
nateb 

% 
of 

R
EY 
in 
pri
ma
ry 
car
bo
nat
e 

                            

          m % % ppm 
pp
m 

pp
m 

pp
m 

pp
m ppm 

pp
m 

pp
m ppm 

pp
m 

pp
m ppm             ppm   

MIP3H
-4 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2269.9 0.43 3.26 310 
460

0 
78
30 

965
80 

297
400 

345
00 

53
50 

45
70 

442
40 59 11 10 225.4 0.0023 0.46 1.20 3 33 5 2 

MIP3H
-7 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2270.8 0.86 2.64 444 
451

0 
71
70 

866
90 

299
900 

305
10 

75
30 

40
80 

523
70 53 10 7 223.4 0.0026 0.60 1.33 3 33 11 5 

MIP3H
-11 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale 

Calcar
eous 
shale 2271.9 26.5 0.45 319 

222
0 

11
81
0 

655
90 

205
100 

194
80 

10
81
20 

35
20 

532
30 2 8 3 331.5 0.0051 0.81 2.95 1 1 129 39 

MIP3H
-13 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2272.5 0.50 3.61 358 
464

0 
72
70 

951
50 

283
200 

328
40 

52
70 

43
60 

484
60 94 11 13 226.7 0.0024 0.51 0.83 4 53 9 4 

MIP3H
-16 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2273.5 0.28 4.46 367 
442

0 
79
10 

102
600 

265
300 

361
90 

51
30 

45
70 

462
80 

11
6 11 17 266.5 0.0026 0.45 0.68 5 60 7 3 

MIP3H
-20 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2274.6 1.24 3.84 378 
473

0 
78
80 

103
580 

270
400 

365
80 

12
78
0 

42
90 

425
00 92 11 16 257.6 0.0025 0.41 0.69 5 47 15 6 

MIP3H
-23 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale 

Calcar
eous 
shale 2275.6 25.3 4.80 359 

305
0 

74
70 

677
20 

185
600 

235
20 

10
71
90 

29
60 

411
90 89 7 23 402.2 0.0059 0.61 0.31 11 70 219 54 

MIP3H
-28 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2277.0 0.37 5.10 358 
454

0 
71
20 

967
60 

254
300 

345
80 

59
10 

41
30 

435
20 

14
4 10 26 232.9 0.0024 0.45 0.38 9 79 9 4 

MIP3H
-31 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2277.9 0.98 5.31 
150

0 
447

0 
73
20 

978
00 

252
500 

352
80 

17
74
0 

42
40 

477
80 

13
7 10 31 332.4 0.0034 0.49 0.33 10 75 39 12 

MIP3H
-33 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2278.5 2.19 3.83 420 
452

0 
78
40 

120
370 

307
100 

371
70 

18
58
0 

53
10 

712
60 

12
4 12 21 245.5 0.0020 0.59 0.57 6 55 23 9 

MIP3H
-36 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2279.4 0.46 3.03 325 
517

0 
71
90 

105
190 

291
900 

371
60 

68
50 

48
00 

378
90 63 11 10 195.1 0.0019 0.36 1.07 3 32 6 3 

MIP3H
-42 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2281.1 0.50 3.38 321 
521

0 
76
60 

998
80 

298
400 

355
10 

56
10 

45
80 

417
70 

10
0 10 16 233.4 0.0023 0.42 0.63 5 53 6 3 

MIP3H
-45 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2282.1 1.29 2.90 284 
479

0 
85
30 

983
00 

285
300 

347
00 

59
00 

45
50 

431
40 96 10 11 225.5 0.0023 0.44 0.90 3 52 7 3 

MIP3H
-47 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2282.8 0.99 3.87 321 
513

0 
80
50 

992
10 

287
700 

356
60 

83
00 

48
00 

431
90 

11
8 10 15 248.0 0.0025 0.44 0.70 5 63 10 4 

MIP3H
-50 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2283.6 1.74 4.31 312 
499

0 
79
30 

971
70 

280
900 

343
40 

12
84
0 

42
70 

380
80 

11
8 9 14 232.9 0.0024 0.39 0.66 5 65 13 6 

MIP3H
-53 

MIP-
3H 

Monong
alia Co., 

Marcel
lus Shale 2284.6 6.28 4.35 443 

430
0 

67
40 

806
20 

248
200 

285
40 

40
02

37
60 

713
10 

13
3 8 25 246.1 0.0031 0.88 0.32 10 88 25 10 
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WV, USA Shale 0 

MIP3H
-56 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2285.5 6.01 6.28 345 
423

0 
61
40 

674
40 

271
100 

239
70 

39
70
0 

31
90 

431
50 

15
1 7 25 200.4 0.0030 0.64 0.28 12 

12
0 20 10 

MIP3H
-59 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2286.3 3.95 7.16 447 
360

0 
60
10 

626
20 

307
700 

227
40 

22
53
0 

29
70 

362
90 

15
0 7 24 223.6 0.0036 0.58 0.27 13 

12
8 24 11 

MIP3H
-62 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2287.1 1.35 5.43 447 
436

0 
58
70 

729
30 

307
000 

263
40 

80
10 

36
80 

571
70 

14
3 8 23 236.0 0.0032 0.78 0.35 10 

10
5 11 5 

MIP3H
-65 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale 

Calcar
eous 
shale 2288.1 15.6 7.40 892 

304
0 

58
20 

505
80 

253
000 

176
60 

78
13
0 

24
40 

501
80 

17
0 5 45 379.2 0.0075 0.99 0.12 29 

18
0 139 37 

MIP3H
-70 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2289.6 3.53 7.90 530 
373

0 
63
00 

684
50 

300
700 

255
90 

23
70
0 

33
80 

391
00 

18
6 8 33 263.5 0.0039 0.57 0.23 15 

14
6 34 13 

MIP3H
-72 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2290.1 5.18 6.22 611 
441

0 
69
60 

768
30 

282
600 

293
10 

34
76
0 

39
70 

397
10 

18
1 9 27 224.3 0.0029 0.52 0.32 11 

12
6 16 7 

MIP3H
-75 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2291.0 9.27 5.74 396 
425

0 
86
00 

662
40 

229
200 

244
00 

55
42
0 

36
10 

540
90 

11
9 7 14 185.1 0.0028 0.82 0.53 7 96 26 14 

MIP3H
-78 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2291.9 3.66 6.88 547 
578

0 
69
20 

845
80 

278
500 

326
50 

22
02
0 

47
40 

351
60 

10
0 10 17 239.6 0.0028 0.42 0.60 7 63 17 7 

MIP3H
-80 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Cherry 
Valley 

Limes
tone 2292.5 72.0 2.00 618 740 

38
40 

682
0 

274
00 

248
0 

33
44
20 

51
0 

190
10 5 1 2 85.3 0.0125 2.79 0.71 9 39 57 67 

MIP3H
-84 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2293.7 7.24 5.46 383 
451

0 
60
90 

743
30 

278
700 

289
10 

45
65
0 

40
60 

356
70 87 8 15 225.1 0.0030 0.48 0.56 6 63 38 17 

MIP3H
-86 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2294.3 2.15 4.46 403 
449

0 
52
50 

721
50 

281
000 

274
80 

21
20
0 

35
80 

484
30 94 8 16 168.9 0.0023 0.67 0.50 7 70 14 8 

MIP3H
-89 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2295.2 9.50 5.51 361 
463

0 
57
40 

706
00 

278
300 

281
20 

54
46
0 

36
40 

339
00 

12
7 8 16 205.8 0.0029 0.48 0.49 7 96 46 22 

MIP3H
-91 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2295.8 1.95 6.03 600 
489

0 
56
90 

757
60 

308
000 

290
40 

17
84
0 

38
10 

337
50 

12
7 8 27 196.4 0.0026 0.45 0.31 11 90 12 6 

MIP3H
-94 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2296.8 1.68 8.59 380 
502

0 
67
90 

768
80 

272
300 

302
80 

13
88
0 

36
00 

473
80 

25
5 8 59 221.3 0.0029 0.62 0.14 25 

17
7 10 5 

MIP3H
-99 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale 

Calcar
eous 
shale 2298.2 24.7 9.71 442 

342
0 

42
30 

374
20 

218
300 

147
70 

12
11
70 

19
00 

402
30 

14
2 5 46 318.9 0.0085 1.08 0.10 39 

20
3 135 42 

MIP3H
-101 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2298.8 4.06 7.54 482 
361

0 
43
30 

394
10 

195
300 

150
70 

51
55
0 

20
10 

702
00 90 4 39 174.6 0.0044 1.78 0.11 31 

12
3 20 12 

MIP3H
-102.2 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2299.0 4.74 12.0 412 
333

0 
81
70 

520
10 

261
200 

211
40 

33
33
0 

24
20 

576
40 

34
3 6 75 211.1 0.0041 1.11 0.08 46 

35
2 18 8 

MIP3H
-110 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale 
Limes
tone 2301.6 62.1 9.40 

192
0 460 

24
60 

320
0 

118
500 

109
0 

32
76
10 

14
0 

304
0 25 0 10 186.4 0.0583 0.95 0.03 

10
2 

41
5 125 67 

MIP3H
-112 

MIP-
3H 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2302.1 11.3 5.37 579 
415

0 
94
50 

572
30 

262
700 

242
00 

63
19
0 

31
10 

312
10 

31
5 6 32 131.7 0.0023 0.55 0.19 18 

29
4 19 14 

SW-44 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Burket 
Shale Shale 2178.4 0.54 4.49 552 

575
0 

88
90 

954
60 

281
800 

329
80 

71
70 

46
20 

495
30 

10
8 10 16 243.2 0.0025 0.52 0.62 5 61 5 2 
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SW-37 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Burket 
Shale Shale 2179.2 0.03 6.67 692 

604
0 

79
60 

916
70 

281
200 

310
00 

63
40 

43
70 

416
90 

16
4 9 27 227.7 0.0025 0.45 0.35 9 96 3 1 

SW-36 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Burket 
Shale Shale 2179.3 0.06 4.67 686 

749
0 

77
80 

945
20 

265
800 

320
50 

11
73
0 

44
60 

542
00 68 10 18 201.7 0.0021 0.57 0.54 6 38 3 1 

SW-31 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Tully 
Limest

one 
Limes
tone 2180.2 69.4 <0.5 352 

132
0 

57
40 

239
90 

844
00 

875
0 

33
44
60 

13
00 

109
10 1 3 1 134.6 0.0056 0.45 3.36 1 2 90 67 

SW-27 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Tully 
Limest

one 
Limes
tone 2185.7 73.1 <0.5 380 

117
0 

61
50 

156
70 

532
00 

576
0 

35
60
20 

95
0 

111
20 1 2 1 112.5 0.0072 0.71 1.55 3 4 72 64 

SW-26 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Tully 
Limest

one 
Limes
tone 2188.8 46.9 0.79 474 

271
0 

10
56
0 

523
90 

156
000 

182
90 

25
37
20 

27
70 

246
70 5 6 3 149.3 0.0028 0.47 1.77 2 5 61 41 

SW-21 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Mahan
tango 
Shale Shale 2207.1 0.30 1.14 561 

596
0 

98
70 

104
800 

306
100 

346
80 

62
50 

45
70 

491
80 2 10 3 213.2 0.0020 0.47 3.31 1 1 4 2 

SW-17 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Mahan
tango 
Shale Shale 2222.3 0.08 1.07 412 

525
0 

93
30 

108
130 

284
500 

372
50 

58
90 

51
40 

452
00 26 

12
.0 4.5 

 
0.0000 0.42 2.68 1 13 4 

 

SW-13 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Mahan
tango 
Shale Shale 2236.0 1.43 0.63 462 

494
0 

12
01
0 

109
650 

299
900 

370
60 

10
01
0 

52
60 

472
10 7 12 3 239.3 0.0022 0.43 3.45 1 3 5 2 

SW-5 
MIP-

SW 

Monong
alia Co., 
WV, USA 

Marcel
lus 

Shale Shale 2295.1 4.91 <0.5 
138

0 
531

0 

12
11
0 

785
10 

311
400 

281
00 

38
90
0 

44
60 

449
50 3 10 3 252.7 0.0032 0.57 3.50 1 2 29 12 

MS-
Slab1 n/a 

Tioga 
Co., PA, 

USA 

Marcel
lus 

Shale Shale 1672.8 12.6 0.82 422 
566

0 

12
35
0 

879
60 

239
600 

284
20 

76
16
0 

41
60 

423
10 10 9 4 226.6 0.0026 0.48 2.43 1 6 28 12 

MS-
Slab2 n/a 

Tioga 
Co., PA, 

USA 

Marcel
lus 

Shale Shale 1692.4 1.92 4.21 418 
678

0 
85
80 

853
50 

291
200 

282
20 

16
39
0 

41
50 

459
10 

14
8 9 22 256.8 0.0030 0.54 0.41 8 93 6 3 

bdl = below detection limit; n/a = not 
available; ppm = mg/kg 

                        USGS rock reference standards including Green River Shale (SGR-1b), Brush Creek Shale (SBC-1), Icelandic Basalt (BIR-1a), and USGS spring waters (T-221 and T227) were analyzed as quality control samples during the course of the analysis. Based on the measured 
values of these reference samples, the accuracy of elemental concentration data is estimated to be better than 10% for major and minor elements and all rare earth elements except Dy, Er (within 20%). 
aCarbonate content is calculated based on the concentrations of Ca, as CaCO3, and Mg, as MgCO3, extracted in 1.0N CH3COOH 
leachate (4 hours) 

               bElemental data including REY in whole rock and leachates are reported in the 
supporting materials 

                      

Table 2 
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Highlights 

 

 A sequential extraction method was applied to separate authigenic minerals 

 Authigenic components provide more detailed insights onto depositional environments 

and diagenesis in sedimentary rocks 

 Carbonate cement in black shales is significantly altered during illite-smectite transition 

and catagenesis 

 Carbonate minerals in limestones is minimally altered during burial compared to 

carbonate concretions and carbonate cement 

 Intermitted episodes of dysoxic/oxic environment occurred during the deposition of the 

Upper Oatka Creek member 
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