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1. Abstract 

Two holes were drilled in Green Canyon Block 955 (GC 955) in the deepwater Gulf of Mexico: Hole GC 
955 H002 (H002) and Hole GC 955 H005 (H005). Here we present the solute concentrations and oxygen 
and hydrogen isotope ratios of pore water extracted from sediment whole-round samples collected 
from these holes. The analytical methods, degree of sample contamination, and the method for 
contamination correction are discussed as are the general trends in the geochemical data. 

2. Introduction 

The objective of this report is to present solute concentrations and isotope ratios in pore water 
extracted from sediment whole-round samples collected during the UT-GOM2-1 Expedition (Flemings et 
al. 2018). The concentration of dissolved species and the isotopic composition of the pore water provide 
critical data for the identification of fluid sources and flow pathways, as well as the quantification of 
fluid-rock reaction rates and the formation of authigenic minerals. In addition, pore water chemical 
profiles are essential for characterizing methane hydrate distribution and concentrations, methane 
sources and sinks, and biogeochemical cycling in marine sediments. 

Two holes were drilled in Green Canyon Block 955 (GC 955) in the deepwater Gulf of Mexico: Hole GC 
955 H002 (H002) and Hole GC 955 H005 (H005). Twenty-one 10 ft (3.05 m) pressure cores were 
attempted in and near the methane hydrate reservoir. In the first hole, H002, 1 of the 8 cores were 
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recovered under pressure and there was 34% recovery of sediment (both pressurized and 
depressurized). In the second hole, H005, 12 of the 13 cores were recovered under pressure and there 
was 72% recovery of sediment (Thomas et al., 2020). The pressure cores were imaged and logged under 
pressure.  

Sediment samples for pore water extraction were either from pressure cores that were not recovered 
under pressure or from pressure cores quantitatively degassed either on-board or on-shore to 
determine the hydrate concentration and the gas composition. To document the pore water 
geochemistry as a function of depth at both sites, we extracted pore water from whole-rounds sub-
sampled from the sediment cores both within and outside of the methane hydrate reservoir and 
conducted a range of analyses for solutes and isotope ratios useful for characterizing fluid sources, fluid-
rock reactions, methane hydrate distribution, and biogeochemical cycling. 

3. Methods and Materials 

3.1 Field Sampling 

Due to space and personnel limitations, pore water was not extracted from whole round samples 
onboard the D/V Q-4000 nor during dockside operations. Thus, the primary focus of on-board and 
dockside pore water efforts was the preservation of whole-round samples for post-cruise pore water 
sampling and analysis. While this approach prevents analysis of some time-sensitive pore water 
constituents (e.g. pH, alkalinity) many constituents can be measured weeks after collection when the 
whole round sample is stored in an anoxic and refrigerated environment. 

Whole round core samples for pore water analysis were collected immediately upon recovery of 
conventionalized pressure cores (i.e. cores that failed to hold pressure) and immediately after 
quantitative depressurization of pressure core sections that were processed using the Geotek Pressure 
Core Analysis and Transfer System (PCATS). These whole round sections were pre-scored with a tubing 
cutter and then immediately placed within a glove box that was purged of ambient atmosphere and 
replaced by an anoxic ultra-high purity N2 atmosphere to prevent oxidation of redox-sensitive elements. 
All further processing of the core occurred under N2 atmosphere. The whole rounds were wrapped 
tightly in plastic wrap to prevent evaporation and were placed in a plastic bag and heat-sealed to retain 
the N2 atmosphere during storage and transport. The sealed pore water whole rounds were stored 
refrigerated at 6 °C. At the end of dockside operations, these samples were shipped overnight in coolers 
with cold packs to the University of Washington. 

The collected pore water samples had the potential to be contaminated by (1) drilling fluids during 
drilling and coring and (2) PCATS fluid during analysis and cutting of pressure cores. Due to time and 
laboratory limitations, no tracers were added to mud tanks nor were micro-bead bags used during the 
expedition. Our approach to identify contamination by drilling fluid relied on comparison of pore water 
sulfate concentration to drilling fluid sulfate concentration then correcting for contamination based on 
the composition of the drilling fluid (as discussed below). The intervals recovered from coring (> 400 
mbsf) were far below the typical depth of the sulfate-methane transition in the northern Gulf of Mexico 
0 to 70 mbsf; (e.g. Presley and Stearns, 1986; Paull et al., 2005; Expedition 308 Scientists, 2006a,b,c,d; 
Coffin et al., 2008; Kastner et al, 2008; Pohlman et al., 2008; Smith and Coffin, 2014), thus the presence 
of sulfate can be used as a tracer of contamination. To track PCATS water contamination, 1.9 g of cesium 



 
 

chloride was added to the ~150 L tanks that supply fresh water to PCATS to create a ~10 ppm (75.23 
μM) concentration of cesium (Cs) in the PCATS fluid.  

To estimate mixing with contaminating fluids, samples of drilling fluid from the rig floor were collected 
and PCATS water from the  PCATS chamber for most cores. Each fluid sample was split into two 15 mL 
Nalgene bottles and one 8 mL glass vial. One 15 mL bottle was acidified with 0.05 mL of trace metal 
grade 16 N nitric acid. The final concentration of nitric acid in the 15 mL acidified sample was 
approximately 0.053 N. Each bottle was wrapped with Parafilm and stored and refrigerated at 6 °C. 

3.2 Shore-Based Pore Water Collection 

Whole round samples were shipped with cold packs (not frozen) to the University of Washington for 
further processing and analysis, arriving in two batches on 31-May-2017 and 6-June-2017. Samples were 
immediately flushed with ultra-high purity nitrogen and stored at 4 °C for processing. Whole round 
samples were removed from the liner and the surface of the sediment scraped in a glove bag under N2 
atmosphere. The cleaned sediment samples were placed into a titanium squeezer modified after the 
stainless steel squeezer of Manheim and Sayles (1974). Gauge forces to a maximum of 25,000 lb were 
applied using a Carver hydraulic press to extract pore water. Squeezed pore water was filtered through a 
pre-washed Whatman No. 1 filter and collected in acid-cleaned plastic syringes. Waters collected in the 
syringes were further filtered with a 0.2 μm Whatman Puradisc polyethersulfone disposable filter before 
preservation. 

Sample allocation for specific analyses was determined based on the pore water volume recovered and 
analytical priorities with the analysis of pore water salinity, Cl, contamination tracer (Cs), O/H isotopes, 
SO4, and the major cations being the highest priority (Table 1). Sub-samples include 1-2 ml in sealed 
glass ampoules, 1-2 ml in glass vials, 1-4 ml acidified to pH <2 and stored in acid-cleaned plastic bottles, 
and 1-4 ml unacidified samples stored in plastic bottles. In addition, pore water subsamples for sulfate 
concentration analyses were fixed with zinc-acetate and stored in centrifuge tubes. After analysis, pore 
water sub-samples were stored under appropriate conditions and are available to the broader scientific 
community.  

3.3 Analyses 

Salinity and Cl via titration 

Salinity was determined with a Reichert temperature-compensated handheld refractometer with a 
precision of 0.5 practical salinity units (psu). Chlorinity (Cl) was determined via silver nitrate (AgNO3) 
titration using a Metrohm Dosimat titrator with a precision of 0.3% based on repeated analysis of IAPSO 
standard seawater and several dilutions of IAPSO. 

Cl, Br, and SO4 concentrations by ion chromatography 

Chloride (Cl), bromide (Br), and sulfate (SO4) concentrations were measured with a Metrohm 882 
compact ion chromatograph (IC). Analytical precision was monitored by repeated analysis of four 
separate dilutions of IAPSO standard seawater that spanned the expected in situ concentration range. 
The precision of the Cl, Br, and SO4 analyses were 0.66%, 3.0%, and 0.8% respectively. Analytical 
accuracy was monitored by evaluation of four in-house reference standards. The average percent 



 
 

difference between the known and measured concentrations for Cl, Br, and SO4 were 1.0%, 3.0%, and 
1.3%, respectively. 

Ca, Mg, K, Na, B, Li, Sr, Ba, Fe, and Mn concentrations by inductively-coupled plasma-optical emission 
spectroscopy (ICP-OES) 

 Major element samples were prepared with a 1:100 dilution with a 1% trace-metal grade HNO3 solution 
and measured on a Perkin Elmer Optima 8300 ICP-OES at UW. Standards were prepared from dilutions of 
IAPSO standard seawater. The analytical precision of the Ca, Mg, K, and Na analyses were <1%, <1%, 
<1.5%, and <3%, respectively. Minor element analyses were performed on a Perkin Elmer Optima 8300 
ICP-OES at UW, and samples prepared in 1:20 dilutions using 1% trace metal-grade HNO3 solution. 
Calibration, drift, and check standards were prepared from Spex Certiprep reference standards. The 
analytical precision of the B, Li, Sr, Ba, Fe, and Mn analyses were <3%, <2%, <1%, <1%, <2%, and <2%, 
respectively. 

Cs concentrations by inductively-coupled plasma-mass spectrometry (ICP-MS) 

Cesium concentrations were measured on an Agilent 7900 quadrapole ICP-MS with a detection limit of 
0.002 µM. Cesium concentrations were determined based on the natural isotope 133Cs and measurement 
drift was monitored with three 1 ppb internal standards; 45Sc, 115In, and 89Y. Calibration and off-line drift 
and check standards were prepared from a Spex CertiPrep certified reference Cs standard. All samples 
were diluted 1:50 with 1% trace metal-grade nitric acid. The precision of the Cs analyses was <1%. 

δ18O and δD stable isotope ratios 

The pore water oxygen and hydrogen stable isotope ratios were determined using a Picarro cavity ring-
down spectrometer water analyzer at UW. Results reported here are in standard delta (δ) notation relative 
to Vienna Standard Mean Ocean Water (VSMOW), 
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�  ×  1000     (Eq. 1) 

 

where R is the ratio of 18O/16O. The precision of the analyses (based on the standard deviation of repeated 
analysis of standard seawater and samples) were approximately <0.07‰ for δ18O and <0.5‰ for δD. 

3.4 Drilling Fluid Contamination Correction 

The pore water major and minor element concentration data, as well as the oxygen and hydrogen 
isotope ratios were corrected for drill water contamination based on the measured sulfate 
concentrations in drilling fluid and pore water samples.  

Below the sulfate-methane transition zone, sulfate is depleted in the pore fluids, and any sulfate present 
in a sample is a result of contamination with drill water that was pumped down the hole while drilling. 
Drilling fluid was sampled during coring at both Sites H002 and H005 and analyzed at the University of 
Washington. Based on the sulfate concentration of each pore water sample, we used the chemical 



 
 

composition of the drilling water to correct each analysis for contamination using the following 
equations: 

FDW = [SO4]meas/[SO4]DW                                                                                                             (Eq. 2) 

fPf = 1 – fDW                                                                                                                                      (Eq. 3) 

and 

[X]corr = [[X]meas – (fDW × [X]DW)]/fPf                                                                                     (Eq. 4) 

where fDW is the fraction of a pore fluid sample that is contaminated with drilling fluid and fPW is the 
fraction of uncontaminated pore water in a sample. The subscripts DW, Pf, and meas denote drill water, 
pore fluid, and measured, respectively. [X]corr is the corrected value of a solute (e.g., Cl, Ca, Sr, etc.), 
[X]meas is the measured concentration of that solute, and [X]DW is the concentration of the solute in the 
drilling fluid. 

 

3.5 Hydrate saturation calculations 

We used chlorinity measurements and calculations of chlorinity anomalies to estimate the hydrate 
saturation (Sh) of the collected samples, using the equation of Ussler and Paul, 2001: 

𝑆𝑆ℎ  =  𝛽𝛽(𝐶𝐶𝑐𝑐𝑐𝑐−𝐶𝐶𝑐𝑐)
𝐶𝐶𝐶𝐶+𝛽𝛽(𝐶𝐶𝑐𝑐𝑐𝑐−𝐶𝐶𝑐𝑐)           (Eq. 5) 

where Cc is the sample pore water chlorinity and Ccb is the baseline pore water chlorinity. β is a 
dimensionless coefficient equal to 1.257 that accounts for the density change from methane hydrate to 
water (Malinverno et al., 2008). Because there were insufficient coring points to establish a baseline Cl 
profile, we use a value of Ccb equal to 559 mM, average seawater Cl concentration.  

 

4. Results 

The uncorrected geochemical data are shown in Table 2, and the corrected data, based on the 
composition of the drill water collected during coring at Sites H002 and H005, are presented in Table 3. 
There is large variability in the drill water composition in drilling fluid samples collected between the 
two sites, and it was significantly altered with respect to surface seawater composition. Typically, 
surface seawater is used as a drilling fluid. As such, we also provide corrected data in Table 4 assuming 
the drilling fluid had a composition of average seawater. 

Onboard the UT-GOM2-1 expedition, the shipboard scientific party prepared a cesium tracer solution for 
the PCATS system at a concentration of 75.23 µM. The three pore water samples that underwent 
quantitative degassing within the PCATs have Cs concentrations ranging from below detection limit to 
0.014 µM, thus exhibited very low PCATS contamination ranging from <0.003-0.02% contamination. 

4.1 Site H002 



 
 

All of the whole round samples for pore water geochemistry from Site H002 were recovered from 
pressure cores that did not maintain pressure to the rig floor. Sulfate concentrations ranged from 5.37 
mM to 9.11 mM (Table 2), indicating drill water contamination of 19-33% (Table 3). Cl concentrations 
corrected for drill water contamination range from 47 to 280 mM (Tables 4-5). Considering that the Cl 
ion behaves conservatively at the in situ temperatures at this site, the Cl values indicate freshening of 
50-92% of average seawater value (seawater Cl concentration = 559 mM). Thus, all of the other solutes 
are also diluted 50-92% from the addition of freshwater (by methane hydrate dissociation during core 
recovery and potentially clay dehydration at depth), and any deviations from diluted values are the 
result of diagenetic reactions that either increase or decrease their concentrations. Also see 
http://www-udc.ig.utexas.edu/gom2/H002/7_Geochemistry/Pore_Water/  

4.2 Site H005 

The five pore water whole round samples collected at Site H005 produced 1 to 11 mL of pore water for 
geochemical analyses (Table 1). Sulfate concentrations ranged from 0.5 mM in the whole round sample 
recovered from Core 1FB Section 3 well above the reservoir to 11.9 mM within the reservoir (Table 2), 
indicating that the fine-grained sample well above the main hydrate-bearing interval had minimal 
drilling contamination (2%), whereas samples collected within the hydrate-bearing interval were 
contaminated up to 41% with drilling fluid (Tables 3-4). The one sample collected above the gas hydrate 
reservoir had the highest Cl concentration, 499 mM, whereas samples from within the reservoir have 
much lower Cl concentration ranging from 57 mM to 264 mM (up to 90% less than modern seawater 
values), mainly due to gas hydrate dissociation upon core recovery and pressure core depressurization 
shipboard.  

Similar to the Cl values, salinity is lower than seawater in all samples, most dramatically in the hydrate 
reservoir due to pore water freshening during core recovery and hydrate dissociation (Figure 1). Core 
1FB Section 3 had negligible hydrate saturation from quantitative degassing (Phillips et al., 2020) and a 
salinity of 28 parts per thousand (ppt) (approximately 80% of typical seawater, 35 ppt). Slow, specialized 
quantitative degassing experiments immediately after the expedition were used to estimate the in situ 
salinity in the reservoir based on sample pressure behavior during depressurization, and constrained the 
pre-dissociation salinity to be relatively near seawater concentrations (34 to 45 ppt or 97 to 128% of 
typical seawater) (Phillips et al., 2020) (Figure 1b). All salinity values measured from post-dissociation 
pore waters are substantially lower than seawater salinity (3 to 18.5 ppt or 9 to 53% of typical seawater) 
(Figure 1b). 

The Cl anomalies were used to calculate hydrate saturations (Sh) ranging between 44 and 83% of the 
pore space in samples from the reservoir and an Sh of 14% in Core 1FB in the overlying mud (Figure 1a). 
Sh derived from porewater matches well with the Sh estimated from well logs in the reservoir (Lee and 
Collett, 2012). Three of the core sections from Hole H005 measured with quantitative degassing were 
also sampled and analyzed for pore water composition after depressurization, allowing for a comparison 
between Sh measured by quantitative degassing and calculated from Cl anomalies. There is a strong 
correlation between Sh derived from the two approaches (Figure 2a) with Cl derived values 12 to 16% 
higher than quantitative degassing. The assumption of seawater salinity for Sh calculations could result 
in overestimated Cl anomalies and Sh, if in situ Cl is lower than seawater. Core 1FB in the overlying mud 
has a near-zero Sh based on quantitative degassing, but the Cl concentration of the whole-round 
collected from this core was 499 mM. The disagreement between the Sh estimated from quantitative 
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degassing and the pore water Cl concentration in Core 1FB suggests the background Cl concentrations 
may indeed be less than modern seawater value.  

Considering that Cl behaves conservatively at the in situ temperature at this site, the decrease in Cl 
concentrations from seawater value is the result of pore water dilution from the addition of freshwater. 
Thus, plots of other solutes ratioed to Cl provide information on differences in pore fluid composition 
within the hydrate-bearing reservoir compared to the fine-grained sediments above the reservoir. The 
reservoir fluid is strongly depleted in K, Mg, and Sr concentrations and highly enriched in Ba, B, and Li 
concentrations (Figure 3), reflecting either differing in situ fluid-rock reactions within the reservoir 
compared to the sediments above or migration of deeper-sourced fluids within the reservoir. Also see 
http://www-udc.ig.utexas.edu/gom2/H005/7_Geochemistry/Pore_water/  
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7. Figures  

 

Figure 1. A) Hydrate saturation (Sh) derived from chlorinity (open symbols, this study), quantitative 
degassing (solid symbols. Phillips et al., 2020) and logging while drilling (Lee and Collett, 2012). B) 
Salinity measured on pore water (open circles, this study) and salinity ranges estimated from 
dissociation behavior (horizontal lines, Phillips et al. 2020). 

 



 
 

 

 

Figure 2. Direct comparisons of hydrate saturation (Sh) dervied from chlorinity (this study) and 
quantitative degassing (Phillips et al., 2020) from the same pressure core sections. A) Sh from the two 
methods are highly correlated. B) Sh calculated from chlorinity is 12 to 16% higher than from 
quantitative degassing. 

 

 

 

 

 



 
 

 

Figure 3. Contamination corrected B/Cl, Li/Cl, and Ba/Cl concentration ratios versus depth at Sites H002 
and H005. Note that the ratios are multiplied by 1000 as the minor element concentrations are µM and 
Cl concentrations are mM. Orange dots are Site H005 data and blue dots are Site H002 data. The vertical 
dashed line denotes the average seawater ratio.



 
 

 

8. Tables 

 

Table 1. Distribution of pore water samples  

 

 

 

 

 

 

 

 



 
 

 
Table 2. Pore water geochemical data not corrected for drill water contamination 

 

 

Table 3. Pore water geochemical data corrected for drill water contamination 

 

 



 
 

 

Table 4. Pore water geochemical data corrected for contamination assuming drilling fluid had composition of average seawater 

  


