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Abstract 11 

The underexplored Barents shelf petroleum province is a globally unique example 12 

where naturally occurring underpressure is observed offshore and onshore. In the 13 

offshore parts of the northern Barents shelf minor underpressure (up to 23 bar 14 

subhydrostatic) is observed in the fault-bounded Mesozoic reservoirs of the 15 

Fingerdjupet subbasin. More severe (50 bar subhydrostatic), though irregular, 16 

occurrences of underpressure are encountered in the Triassic intervals of the 17 

neighboring Greater Hoop area. The abnormal pressures extend to the onshore 18 

archipelago of Svalbard, where pressures exceeding 60 bar below hydrostatic were 19 

encountered during drilling for a carbon dioxide sequestration project. In Svalbard, 20 

reservoir pressures were constantly monitored over three years, providing an insight 21 

into the reservoir behavior at unique timescales. The low permeability (< 2 md) 22 

reservoir in Svalbard is exposed some 15 km to the north of the drill site. Quantitative 23 

analysis with the apparent lack of a regional lateral seal, suggest a geologically recent 24 

origin of underpressure. There is evidence that the underpressure extends into the top 25 

seal which provides further indication to the likely cause of underpressure. Similarly to 26 

many global occurrences of underpressure in petroleum provinces, the Barents shelf has 27 

undergone severe uplift, most recently due to deglaciation. Well data, outcrop 28 

observations and isotope data combined with the areas geological history indicate that 29 

glacial loading, unloading and erosion, potentially with the aid of natural fractures, is 30 

the likely dominant underpressure generating mechanism. 31 
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Introduction	32 

The frontier exploration area of the northern Barents shelf, located in the Norwegian high 33 

Arctic, is the only place in the world where naturally developed underpressure has been 34 

encountered offshore in Jurassic and Triassic strata. The time-equivalent strata in Svalbard, an 35 

archipelago near to the northwestern margin of the Barents shelf, exhibit pressures as low as 36 

one third of hydrostatic (Braathen et al., 2012; UNIS CO2 Lab AS, 2015 and references 37 

therein; Olaussen et al., 2019). The abnormally low pressures inevitably resulted in well 38 

control problems in several offshore exploration wells and boreholes drilled on Spitsbergen, 39 

the largest island of Svalbard, as part of a CO2 storage feasibility study, the Longyearbyen 40 

CO2 Lab (Braathen et al., 2012; Senger et al., 2015; UNIS CO2 Lab AS, 2015; Olaussen et al., 41 

2019). In well DH5R of the CO2 Lab drilling fluid was lost into the formation which resulted 42 

in gas influx. Underpressure is not simply a concern for drilling processes (Mouchet and 43 

Mitchell, 1989) but can also influence elements of the petroleum system (Law et al., 1998), so 44 

understanding its distribution and causes is critical to achieve successful hydrocarbon 45 

exploration and production. 46 

The United States Geological Survey suggests that 30% of the world’s undiscovered gas and 47 

13% of undiscovered oil are located in the Arctic (Gautier et al., 2009). The Norwegian 48 

Petroleum Directorate (NPD) recently estimated that undiscovered resources of 15.9 billion 49 

barrels of oil equivalent remain under the Norwegian Barents Sea, including areas presently 50 

not opened for exploration (Stordal, 2018). The Barents shelf has seen significant exploration 51 

activity with recent interest moving to northern parts following several promising discoveries 52 

(e.g. Wisting) and the opening of new exploration acreage in recent years (Nyland, 2018; 53 

Berthelsen, 2019). Formation pressure data is vital to hydrocarbon exploration, because of the 54 
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influence it has on the different elements of the petroleum system and in ascertaining pressure 55 

communication or compartmentalization. 56 

In exploration, the effects of depth are removed by analyzing the pressure relative to 57 

hydrostatic pressure, i.e. the pressure exerted by a column of water at any given depth. The 58 

hydrostatic pressure exerted is dependent on the density of the pore water. Pore water density 59 

is predominantly influenced by its salinity (Swarbrick and Osborne, 1998). Pressures lower 60 

than the hydrostatic are underpressured and those exceeding it are defined as overpressured 61 

(Law et al., 1998). Underpressure is a common condition in regional groundwater flow 62 

systems of the world (Tóth, 2009), including the western Great Artesian Basin of Australia 63 

(Love et al., 2013), the Llanos Basin in Colombia (Person et al., 2012), the Pannonian Basin 64 

in Hungary (Mádl-Szőnyi et al., 2015) and large areas of the Texas-Oklahoma panhandle 65 

(Sorenson, 2005). However, it is relatively rare in more deeply buried prolific petroleum 66 

basins (Dickey and Cox, 1977; Belitz and Bredehoeft, 1988; Scott et al., 1994; Puckette and 67 

Al-Shaieb, 2003; Lazear, 2009). 68 

The majority of documented cases of underpressure in petroleum producing basins have 69 

undergone recent uplift either due to tectonic forces or deglaciation. These include the 70 

petroleum provinces of the Western Canadian Sedimentary Basin (Davis, 1984; Gies, 1984), 71 

several basins of the central United States (Dickey and Cox, 1977; Belitz and Bredehoeft, 72 

1988; Scott et al., 1994; Puckette and Al-Shaieb, 2003; Lazear, 2009) and onshore basins in 73 

China (Xie et al., 2003; Hao et al., 2012). Onshore basins make pressure analysis more 74 

challenging because there are uncertainties with the hydrostatic gradient in addition to the 75 

effects of topographic driven flow (Nelson et al., 2013). 76 

Because underpressure in the Barents shelf is subsea (including the reservoir interval in 77 

Svalbard) the hydrostatic gradient is calibrated to the mean sea level. The presence of 78 
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underpressure in the area is not a new concept, as since Mobil and Norsk Hydro both 79 

encountered underpressure in the Fingerdjupet subbasin in the 1980s (Nyland et al., 1992; 80 

Hinna et al., 2016; Serck et al., 2017). Underpressure has subsequently been encountered 81 

within the past ten years in the Greater Hoop area, the northern Loppa high and in Svalbard 82 

(Table 1). Importantly, there is evidence of underpressure in the claystone dominated top seal 83 

in the study area in Svalbard which has implications to the potential driving mechanisms 84 

controlling the underpressure. Underpressure in Svalbard was first documented during 85 

analysis of the carbon dioxide storage potential (Braathen et al., 2012; Senger et al., 2015). 86 

Wangen et al. (2016) attempted to identify the cause of underpressure through numerical 87 

modelling. They suggest that decompaction resulting in an increase in pore volume caused the 88 

underpressure locally, but the model also relies on compartmentalization. Decompaction, 89 

however, is a poorly understood mechanism (Liu and Roaldset, 1994; Baig et al., 2016) and 90 

the complex, laterally heterogeneous burial and uplift history of the Barents shelf (Ohm et al., 91 

2008; Henriksen et al., 2011) is difficult to quantify.  92 

In this article we document the distribution and magnitude, and investigate the likely causal 93 

mechanisms of underpressure in the northern Barents shelf. In addition, we discuss the 94 

implications behind our findings and the applications to hydrocarbon exploration of the 95 

northern Barents shelf. 96 

Hydrogeological	setting	97 

The Barents shelf exhibits three geological areas (Figure 1) with underpressured Mesozoic 98 

intervals (Figure 2): i) The Fingerdjupet subbasin is situated on a terrace between the deep 99 

rifted basins to the west and the more stable Bjarmeland platform to the east (Serck et al., 100 

2017). The Fingerdjupet subbasin has the deepest underpressure bearing reservoirs in our 101 
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study area at approximately 2300 m. ii) The Greater Hoop area to the east is shallower with 102 

underpressure confined to the Triassic reservoirs with normal pressure prevailing in the very 103 

shallow Jurassic intervals. iii): In Svalbard – the exhumed portion of the Barents shelf. A CO2 104 

sequestration feasibility study was carried out near the town of Longyearbyen in Svalbard. 105 

The site is situated on the eastern limb of the Central Tertiary Basin (Braathen et al, 2012) and 106 

severe underpressures of up to 60 bar (1 bar ~ 14.5 psi) were encountered at depths between 107 

600 and 950 m below sea level.  108 

The underpressure was encountered in tight heterolithic sandstones of the Triassic and 109 

Jurassic Wilhelmøya Subgroup and the Triassic De Geerdalen Formation (Figures 1 and 2).. 110 

The Wilhelmøya Subgroup is capped by a 400 m thick shale aquitard of the Agardhfjellet and 111 

Rurikfjellet Formations. The aquitard is overlain by a slightly overpressured Cretaceous 112 

aquifer of the Helvetiafjellet Formation.  113 

Overpressures in the Helvetiafjellet Formation were identified during drilling when water 114 

unexpectedly flowed from the wellbore to the surface at 125 liters per minute (Olaussen et al., 115 

2019). This interval appears to be sealed by the base of permafrost at approximately 120 m 116 

depth (Braathen et al., 2012; Betlem et al., 2019). Water being expelled at pingos in the area 117 

is from this subpermafrost groundwater system (Hodson et al., 2019). Recent work suggests 118 

millennium-scale adjustment times in the subpermafrost groundwater system. Overpressures 119 

are thought to be generated by freezing at the permafrost base associated with thermal 120 

equilibration to Holocene climate cooling and land emergence rather than relict (glacial) 121 

artesian pressures or present day flow and recharge (Hornum, 2018; Hodson, A., personal 122 

communication,). Such natural fluid migration pathways through the permafrost are common 123 

throughout Svalbard (Humlum et al., 2003; Haldorsen et al., 2012; Hodson et al., 2019). At 124 

the wellsite the underpressured interval is isolated from the overpressured aquifer by several 125 

hundred meters of organic-rich shales of the Agardhfjellet and Rurikfjellet Formations. 126 
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The deeper, and severely underpressured, Triassic-Jurassic system dips to the southwest and 127 

has permeabilities an order of magnitude lower than the Helvetiafjellet Formation (Mørk, 128 

2013; Magnabosco et al., 2014; Senger et al., 2015). Updip the reservoir crops out along the 129 

coastline and beneath the fjord 15 km to the northeast (Braathen et al., 2012; Ogata et al., 130 

2014; Olaussen et al., 2018). Subsea permafrost does not exist in the outcrop area 131 

(Christiansen et al., 2010) so it is unlikely a geologically long-lived lateral seal exists in the 132 

underpressured interval. In a regional context the interval is exposed to the west-southwest 133 

some 50 km away in the West Spitsbergen fold-thrust belt (Braathen et al., 1995) and to the 134 

east beneath Storfjorden and on Edgeøya approximately 100 km away. At all outcrop 135 

locations, the hydrostatic pressure is defined by present-day sea level or higher so it is not 136 

feasible that a downdip outflow can reduce hydraulic pressures below this level. 137 

Geological	Setting	138 

Depositional	history	139 

Figure 2 shows a stratigraphic correlation of the Mesozoic intervals of Svalbard and the 140 

offshore Barents shelf. The intervals of interest in this study are: (1) the Middle to Upper 141 

Triassic Snadd (offshore) and De Geerdalen (Svalbard) Formations. (2) The Upper Triassic to 142 

Middle Jurassic Realgrunnen Subgroup. (3) Middle Jurassic to Lower Cretaceous shales. 143 

During the Early Triassic the Uralide orogeny formed a foreland basin in the eastern Barents 144 

shelf area (O'leary et al., 2004; Eide et al., 2017). Extremely high subsidence rates and 145 

denudation of the Uralian Mountains and Fennoscandia resulted in vast prograding delta 146 

systems from the southeast characterized by highly heterolithic sandstones and shales (Faleide 147 

et al., 1984; Faleide et al., 1993; Worsley, 2008; Glørstad-Clark et al., 2010; Henriksen et al., 148 

2011; Klausen et al., 2014). Offshore this succession is known as the Snadd Formation and is 149 

well in excess of 1 km thick in all wells of the study area 150 
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(Norwegian Petroleum Directorate Factpages, 2019). Onshore Svalbard it is known as the De 151 

Geerdalen Formation which represents the distalmost part of the largest recorded delta plain 152 

in Earth’s history (Klausen et al., 2017; Klausen et al., 2019b). It is at least 250 m thick in the 153 

DH4 well in central Spitsbergen and up to 400 m thick on Edgeøya in eastern Svalbard 154 

(Gradstein et al., 2010; Braathen et al., 2012; Mørk, 2013; Mulrooney et al., 2019). 155 

The subsidence rate decreased and orogenic front shifted in the Late Triassic leading to more 156 

complex depositional trends (Ryseth, 2014; Klausen et al., 2017; Klausen et al., 2018). This 157 

marks the depositional change to the Realgrunnen Subgroup in the Barents Sea and the 158 

onshore equivalent Wilhelmøya Subgroup in Svalbard. Offshore, the heterolithic sandstone 159 

and shales of the Fruholmen Formation marks the base of the Realgrunnen Subgroup. It is 160 

between 150 to 200 m (492 to 656 ft.) thick in the Fingerdjupet subbasin and 30 to 100 m 161 

thick in the Greater Hoop area (Klausen et al., 2019a and references therein; 162 

Norwegian Petroleum Directorate Factpages, 2019).  163 

The Lower to Middle Jurassic Stø Formation is the most prolific reservoir in the Barents Sea 164 

petroleum province and marks a significant improvement in reservoir quality (Henriksen et 165 

al., 2011). Numerous hiatuses and substantially slower subsidence than during the Triassic 166 

resulted in extensive reworking resulting in clean sandstone deposits (Klausen et al., 2018). 167 

The onset of deposition marks a change from easterly derived sediments to quartz rich sources 168 

from the southwest and southeast (Klausen et al, 2018). The Stø Formation is relatively thin in 169 

the study area with thicknesses ranging from 8 to 38 m but has significantly better reservoir 170 

properties than the underlying formations (Klausen et al., 2019a). 171 

In Svalbard, the Upper Triassic to Lower Jurassic Wilhelmøya Subgroup is a condensed 172 

sandstone dominated succession broadly time-correlative to the offshore Fruholmen, 173 

Nordmela and Stø Formations (Nøttvedt et al., 1993; Mørk, 1999; Olaussen et al., 2018; 174 
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Rismyhr et al., 2019). The Wilhelmøya Subgroup thickness varies laterally: in the wells of the 175 

Longyearbyen CO2 Lab in central Spitsbergen it is only 23 m (75 ft.) thick whereas a 250 m 176 

thick succession is exposed in Kong Karls Land to the east (Gradstein et al., 2010; Mulrooney 177 

et al., 2019; Rismyhr et al., 2019). It is compositionally similar to the offshore Stø Formation. 178 

However, in Svalbard, deep burial prior to uplift has resulted in severe chemical diagenesis, 179 

the most predominant being quartz cementation and clay diagenesis (Mørk, 2013). 180 

The onshore mudstone-dominated Agardhfjellet Formation, containing thick organic-rich 181 

units, is up to 350 m (1150 ft.) thick (Dypvik and Zakharov, 2012; Koevoets et al., 2016). The 182 

offshore counterparts, the Fuglen and Hekkingen Formations, reach a similar thickness in the 183 

Barents Sea with the Hekkingen Formation providing a major source rock for the oil and gas 184 

fields and many recent discoveries on the Barents shelf (Langrock et al., 2003; Ohm et al., 185 

2008; Koevoets et al., 2019; Ohm et al., 2019).  186 

In Svalbard the sediment source moved to the northwest and north through the Late Jurassic 187 

and Early Cretaceous (Gjelberg and Steel, 1995; Koevoets et al., 2016). 188 

Uplift commenced on the Barents margins in the Early Cretaceous due to the formation of the 189 

High Arctic large igneous province (HALIP) and the opening of the Amerasian Basin (Grantz 190 

et al., 2011; Senger et al., 2014; Polteau et al., 2016). The lack of Upper Cretaceous strata in 191 

Svalbard is suggested to be the continued basement uplift of the northern Barents margin 192 

(Maher, 2001; Smelror and Larssen, 2016). 193 

Cenozoic	Tectonic	History	194 

It is generally accepted that the Cenozoic burial and uplift history of the Barents shelf is the 195 

dominant process which has affected fluid migration and trap breaching in the prospective 196 

strata of the Barents shelf (Ohm et al., 2008; Henriksen et al., 2011; Abay et al., 2017). In 197 

Svalbard Paleogene transpression created the West Spitsbergen fold-thrust belt (WSFTB) and 198 
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uplift to the west, but led to the development of a small foreland basin in central Spitsbergen 199 

(Bergh et al., 1997; Braathen et al., 1999). Similarly, in the Barents Sea, uplift related to 200 

complex tectonic movements around the Atlantic margin is observed by the lack of Paleogene 201 

and Neogene successions in most wells in the platform areas in contrast to the thick 202 

sedimentary wedges of the same age on the western margin (Doré and Lundin, 1996; Faleide 203 

et al., 1996; Brekke et al., 2001; Ohm et al., 2008; Henriksen et al., 2011; Lasabuda et al., 204 

2018).  205 

The most recent regionally extensive uplift and erosion event that occurred was during the 206 

past few million years due to repeated glaciations (Dimakis et al., 1998; Landvik et al., 1998; 207 

Lasabuda et al., 2018). These are arguably the most important geological events in respect of 208 

the preservation, migration and leakage of hydrocarbon accumulations of the Barents shelf 209 

(Riis and Fjeldskaar, 1992; Cavanagh et al., 2006; Ohm et al., 2008; Henriksen et al., 2011).  210 

Attempts to reconcile Cenozoic net erosion are based on shale compaction, vitrinite 211 

reflectance, apatite fission track analysis and diagenesis (Henriksen et al., 2011). However it 212 

is almost impossible to individually quantify the magnitude of uplift and erosion of each event 213 

(Faleide et al., 1993; Gabrielsen et al., 1997; Henriksen et al., 2011; Lasabuda et al., 2018). 214 

The total magnitude of Cenozoic uplift is different throughout the Barents shelf. In the context 215 

of our study area up to 3 km of uplift has occurred in Svalbard (Marshall et al., 2015; Ohm et 216 

al., 2019) and approximately 1.5 km in the Fingerdjupet subbasin and Greater Hoop area 217 

(Dimakis et al., 1998; Henriksen et al., 2011). The contours in Figure 1 (From Henriksen et al, 218 

2011) indicate the variation in the magnitude of Cenozoic uplift throughout the Barents shelf. 219 

Faults	and	fractures	220 

Meter-scale faults are observed in the reservoir and top seal intervals in outcrops and wells 221 

(Mulrooney et al., 2019). While these faults may form baffles to fluid flow, it is extremely 222 
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unlikely they provide a regional lateral seal. Ogata et al (2014) carried out detailed analyses of 223 

fractures in the reservoir and cap rock intervals in both drill cores and outcrops (Figure 3) 224 

(Ogata et al., 2014). Both through-going and bed-confined fractures were observed in the 225 

reservoir and cap rock interval. Through-going fractures cut across stratigraphic boundaries 226 

whereas bed-confined fractures either terminate at such boundaries or run concordantly with 227 

bedding. Through-going fractures likely enhance vertical flow whereas bed-confined fractures 228 

may enhance lateral flow properties and, to a much lesser extent, porosity (Ogata et al., 2014). 229 

Their formation is associated with the numerous and complex events of the Barents shelf’s 230 

tectonic history, with the Paleogene formation of the WSFTB a likely major contributor. The 231 

most recent episode of uplift and erosion has resulted in many of the observed fractures being 232 

presently open (Ogata et al., 2014).  233 

Data	and	methods 234 

We compiled reservoir properties for each location in the study area based on well data 235 

(Anadrill-Schlumberger, 1988; Norsk-Hydro, 1988, 1989; Elvebakk, 2010; Titlestad, 2012; 236 

Schlumberger, 2013, 2014c, d, e, f, a, b; Tveranger et al., 2014; Schlumberger, 2015; 237 

UNIS CO2 Lab AS, 2015 and references therein; Schlumberger, 2016b, a; Weatherford, 2017; 238 

Norwegian Petroleum Directorate Factpages, 2019), core analysis and outcrop data. On the 239 

Norwegian shelf raw well data is released to the public domain two years after well 240 

completion while interpreted data and reports are released twenty years after completion. We 241 

accessed available well data through the Norwegian Petroleum Directorate DISKOS database. 242 

In Svalbard, well data from the Longyearbyen CO2 Lab is freely available for academic 243 

purposes through the University Centre in Svalbard (UNIS). 244 
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Direct	pressure	data	245 

 Table 2 shows a summary of underpressures in the study area. For the wells drilled in the 246 

1980s in the Fingerdjupet subbasin area, original pressure buildup plots were not available, so 247 

we obtained pressures stated in drilling and end of well reports. Nevertheless, we have good 248 

confidence in these data points because the Jurassic Stø reservoir in this area is of reasonably 249 

good reservoir quality (Table 3). Well 7321/9-1 also displays a clear water gradient with very 250 

little spread in data which is indicative of good tests.  251 

In the Greater Hoop and Loppa high areas we analyzed original pressure buildup plots to 252 

ascertain the quality of each pressure point (Schlumberger, 2013, 2014c, e, b, 2015). The 253 

main risks are either the lack of pressure buildup in the tool, resulting in pressures lower than 254 

the true pore pressure and supercharging or tool seal failure. Seal failure and incomplete 255 

pressure buildup in the tool is easily identified by the contractor (seal failure will draw in 256 

drilling mud fluid and thus pressures equal to the mud weight). Supercharging is common in 257 

low-permeability reservoirs. Reservoirs in the study area are typically very low permeability 258 

due to their previously deep burial causing mechanical compaction and quartz diagenesis 259 

(Olaussen et al., 1984; Mørk, 2013). Supercharging occurs when drilling fluid enters the 260 

reservoir and the resulting measured pressure can be anywhere between the true reservoir 261 

pressure and the pressure exerted by the drilling mud. Supercharging is identified in the 262 

pressure tests where the repeated cycles of pressure drawdown show progressively decreasing 263 

pressures as the drilling fluid slowly dissipates from the near-wellbore environment (e.g. 264 

Figure 4A). Underpressures also likely enhance supercharging as drilling is almost certainly 265 

overbalanced. In Svalbard, continuous pressure measurements record this pressure decrease 266 

on a more detailed level but Figure 4C and 4D show the very long timescales it takes for near-267 

wellbore reservoir conditions to return to normal. Because of this it is unreasonable to attempt 268 

to correct for such supercharging but, nevertheless, it is clear that these recorded pressures 269 
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represent a maximum possible reservoir pressure. Therefore the identification of 270 

underpressure from supercharged intervals is valid.  271 

Slight apparent overpressures exist in some wells of the Greater Hoop area. Although salinity 272 

data is not available, the fluid gradients in 7220/2-1 indicate water densities of between 1.049 273 

to 1.102 g/cc (Schlumberger, 2014d). These are in-line with the slight apparent overpressures 274 

and probably reflect higher salinities of the area. The higher salinities here may reflect the 275 

closer proximity to the salt influenced areas to the southeast (Jensen and Sørensen, 1992; 276 

Smelror et al., 2009). The 7324/8-1, 7324/7-2, 7324/9-1 wells also exhibit some hydrocarbon 277 

buoyancy overpressure. 278 

The study area has seen no hydrocarbon production in the region and, because it is largely 279 

underexplored, data is sparse. Spatially, we identified areas of underpressure, its general 280 

geological setting, as previously discussed, the underpressured reservoir characteristics (Table 281 

2), the fluid types encountered and uplift history (Henriksen et al., 2011).  282 

Indirect	data	283 

We have compiled the qualitative evidence of underpressure (Table 2) from drilling reports. 284 

These include drilling fluid losses to formation, stuck drill pipe and wellsite observations. In 285 

the Greater Hoop area no porosity-permeability analysis is publicly available. The targeted 286 

reservoir here is regionally poor (Mørk, 2013), so we have used pressure build-up plots (e.g. 287 

slow build-up or supercharging) to confirm the reservoirs here are also of low permeability. 288 

Supercharging typically occurs in reservoirs with permeability of a few millidarcys or less 289 

(Ceyhan et al., 2016). 290 
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Distribution	of	underpressure	291 

The offshore Barents shelf comprises domains exhibiting hydrostatic to near hydrostatic, 292 

underpressured, and near high-pressure high-temperature (HPHT) conditions (Figure 5). 293 

Basins in the southwest are at near maximum burial (Henriksen et al., 2011) and exhibit near 294 

HPHT conditions. The central and southern parts exhibit hydrostatic to slight overpressures. 295 

Underpressures are observed in all wells of the Fingerdjupet subbasin and in two wells (that 296 

are publically available) of the Greater Hoop area. Underpressure occurs in the northern part 297 

of the Norwegian Barents shelf and in Svalbard in severely uplifted areas in typically low-298 

quality reservoirs and is our area of interest for this study. Figure 6 is a pressure-depth plot of 299 

the wells in our study area. 300 

Svalbard	301 

Eighteen hydrocarbon exploration wells have been drilled in Svalbard in the period from 1961 302 

to 1994 (Senger et al., 2019). No commercial discoveries were made in these wells with 303 

various intervals being targeted. No pressure tests were carried out the Jurassic-Triassic 304 

sandstones. No evidence of underpressure exists in these wells, though the data availability 305 

from these wells is very fragmentary.  306 

The Longyearbyen CO2 Lab drilling programme comprises eight wellbores and the project’s 307 

scientific results are summarized by Olaussen et al. (2019). The first two wells, DH1 and 308 

DH2, were drilled near Longyearbyen Airport. Both wells experienced significant technical 309 

difficulties related to wellbore stability in the Jurassic-Cretaceous shale-dominated top seal 310 

affected by a regional decollement zone. Subsequent wells were relocated to Adventdalen to 311 

the east of Longyearbyen, some 7 km to the southeast of drill site 1, where six further wells 312 

(DH3 to DH8) were drilled. With basis in learnings from wells at the initial drill site and input 313 

from industry experts, both the drilling and well-test programs were improved for the 314 
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subsequent wells (DH4 and onwards). We have analysed data from the latter wells that 315 

penetrated the study interval. Underpressure is observed in the Triassic and Jurassic intervals, 316 

whereas slight overpressure occurs in the Cretaceous Helvetiafjellet Formation that is 317 

separated by at least 400 m of shale from the underpressured units below (UNIS CO2 Lab AS, 318 

2015 and references therein).  319 

Strontium isotope data (Huq et al., 2017) shows long-term lateral communication between the 320 

two drill sites. It also shows fluid migration into the Agardhfjellet-Rurikfjellet cap rock from 321 

the underlying and overlying intervals (Figure 7). The rate of fluid mixing into the cap rock 322 

cannot be explained by only diffusion since depositional times (Huq et al., 2017). 323 

Drillhole-5R	(DH5R)	and	Drillhole-7A	(DH7A)	324 

Two wells, DH7A and DH5R, were drilled, 94 m apart, to test fluid communication in the 325 

Wilhelmøya Subgroup reservoir. The tests were carried out in open-hole conditions including 326 

both the Wilhelmøya Subgroup and the lowermost 30 m of the Agardhfjellet Formation cap 327 

rock. A leak-off test was carried out in the lowermost part of the Agardhfjellet Formation in 328 

well DH5R. Following the injection tests, during which no communication was identified 329 

(Mulrooney et al., 2019), drilling fluid (water) was sucked into the formation and methane gas 330 

entered the wellbore of DH5R. The gas was bled of multiple times but the same occurred 331 

several times with gas pressures stabilizing after approximately 24 hours each time (Figure 8). 332 

No gas was encountered in the Wilhelmøya Subgroup in any wells of the study which is in 333 

agreement with petrophysical data. Detailed analysis of the gas by Ohm et al. (2019) indicates 334 

it entered the wellbore from the shales of the Agardhfjellet Formation rather than the 335 

Wilhelmøya Subgroup sandstone. Flow from the Agardhfjellet Formation likely occurred 336 

through fractures opened during the leak off test of the top seal. Gas from the Agardhfjellet 337 

Formation also entered the DH7A, the injector well for the interference tests (Ohm et al., 338 

2019) which also probably opened fractures to allow the gas to flow.  339 
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We hypothesize that drilling fluid lost into the Wilhelmøya Subgroup reduced the confining 340 

pressure in the wellbore allowing gas to enter the DH5R wellbore from the Agardhfjellet 341 

Formation. The well was shut-in during monitoring, so gas ultimately filled the wellbore and 342 

pressures stabilized to reservoir conditions. The pressure sensor was located in the wellbore at 343 

a depth of 645 m near the base of the Agardhfjellet Formation. Figure 8 shows the series of 344 

events recorded by the sensor. Pressures initially dropped as water flowed from the wellbore 345 

into the reservoir then gas enters the wellbore causing a pressure increase until it reached 346 

equilibrium with the gas-bearing interval at 29 bar at the sensor depth (36 bar 347 

underpressured). Because the same pressures were repeatedly measured and gas repeatedly 348 

flowed into the wellbore, we have good confidence that the pressures truly represent the gas-349 

bearing interval. Therefore, it represents a direct pressure measurement from the Agardhfjellet 350 

Formation and, significantly, provides direct evidence that the top seal itself is severely 351 

underpressured. The fact that gas remains in the lowermost cap rock and not in the underlying 352 

reservoir, is evidence that the cap rock must be at least equally underpressured to prevent 353 

migration from the cap rock to the reservoir. 354 

Drillhole-4	(DH4)	355 

DH4 is the deepest of the Longyearbyen CO2 Lab wells at 969.7 m and also offers the most 356 

comprehensive series of pressure tests. Three distinct reservoir sections were identified and 357 

qualified (Mørk, 2013; Farokhpoor et al., 2014; Magnabosco et al., 2014; Senger et al., 2015). 358 

An upper reservoir comprising the Upper Triassic to Middle Jurassic Wilhelmøya Subgroup 359 

from c. 670-700 m was not directly pressure tested but is a likely candidate for absorbing 360 

significant drilling mud. The middle and lower reservoirs are situated in the Upper Triassic 361 

De Geerdalen Formation with both undergoing major long-term injection and pressure 362 

monitoring tests.  363 
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The middle reservoir is situated between 770-870 m with a pressure at least 44.3 bar below 364 

hydrostatic (approximately 41% of hydrostatic). However, pressures were still falling some 24 365 

hours after drilling (Figure 4.D), implying that a degree of supercharging has occurred and the 366 

real formation pressure is likely lower. Injection testing was carried out in the middle 367 

reservoir section with a shut-in period of 38 days monitored, following an initial 8 hours of 368 

pressure injection. Relatively fast initial pressure fall-off was followed by extremely slow 369 

pressure fall-off, likely indicating initial fracture propagation followed by very slow 370 

equilibration towards the initial reservoir through the very low permeability matrix.  371 

It should be noted that when the pressure sensor was removed from the wellbore following the 372 

test, the sensor and cable were dry. This is evidence of drilling fluid being lost to the 373 

formation and falling below the depth of the sensor at 768 m. This would equate to even 374 

lower pressures than those recorded to persist in the reservoir section. 375 

The lower reservoir section is situated in the section between 870-970 m with the sensor 376 

located at 855 m The initial reservoir pressures show no evidence of supercharging and 377 

recorded a pressure of 54.5 bar below hydrostatic (35% of hydrostatic) at the sensor depth. A 378 

long-term injection and fall-off test was carried out over a period of more than three years 379 

(Figure 4.C). Initial falloff pressure shows similar findings to the middle reservoir, but the 380 

most notable characteristic of this test is the fact that pressures were still falling more than 381 

three years following injection, highlighting the extremely low reservoir permeability. 382 

Drillhole-2	(DH2)	383 

Although no pressure data were recorded for DH2 due to wellbore instability, a core was 384 

collected which enabled stratigraphic correlation (Braathen et al., 2012; Ogata et al., 2014) 385 

and isotope analysis (Huq et al., 2017)( Figure 7). 386 
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Fingerdjupet	Subbasin	387 

7321/7-1	(Water-wet)	388 

This well was drilled by Mobil Exploration and sits on the western edge and deepest part of 389 

the Fingerdjupet subbasin. The primary targets were the Jurassic and Triassic reservoirs in a 390 

rotated fault block (Serck et al., 2017). 391 

Although only three pressure measurements were taken, they were all of good quality 392 

(Anadrill-Schlumberger, 1988). The better Stø Formation exhibits underpressure of 9.5 bar 393 

which equates to 95% of hydrostatic at 2002 m TVDss. The deeper Snadd Formation is 394 

underpressured by 6 bar (98% of hydrostatic at 2366 m TVDss). The third test, at 3324.5 m in 395 

the lowermost parts of the Triassic interval exhibits slight overpressure of 12.6 bar equating to 396 

104%. 397 

Loss of well control due to mud losses occurred while drilling through the claystone 398 

dominated top seal of the Kolmule and Kolje Formations. Because the drilling fluid used was 399 

seawater it is clear that these intervals are also underpressured. It also shows that intervals 400 

within the top seal are permeable. The losses occurred between 1022 m and 1825 m TVDss 401 

indicating that the underpressure extends significantly into the overburden. 402 

7321/8-1	(Water-wet)	403 

Drilled by Norsk Hydro, this well sits in the central part of the Fingerdjupet subbasin with the 404 

primary target being the Jurassic and Triassic sandstones near the crest of a tilted fault block 405 

(Norsk-Hydro, 1988). The well reached TD in the Permian carbonates of the Røye Formation. 406 

Although water wet, residual hydrocarbons were identified in the primary target. 407 

Fifteen good quality pressure tests in this interval yield a clear aquifer gradient consistently 408 

underpressured (Norsk-Hydro, 1988) by 8 bar (94.4% of hydrostatic at top reservoir). The 409 
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well was drilled using water-based mud and did not encounter any technical problems during 410 

drilling. 411 

7321/9-1	(Water-wet)	412 

Also drilled by Norsk Hydro, this well is located on the eastern and shallowest part of the 413 

subbasin and also targeted a rotated fault block (Norsk-Hydro, 1989). The Stø Formation was 414 

the primary target with the Snadd Formation and Lower Cretaceous sandstones secondary 415 

targets. 416 

This well took a single good pressure measurement in the upper Stø Formation at 1336 m 417 

TVDss (Norsk-Hydro, 1989). The formation exhibits an underpressure of 22.9 bar (83% of 418 

hydrostatic). 419 

Minor mud losses of 13 m3 (82 bbl) occurred at 1145 m and the drill pipe became stuck at 420 

1377m (Norsk-Hydro, 1989). As the well was drilled overbalanced (with mud weight above 421 

hydrostatic) it is impossible to determine if underpressure was the main cause. 422 

Underpressure is observed in all three exploration wells within the basin, but the magnitude 423 

varies between them. 424 

Loppa	High	–	7222/1-1	-	Aurelia	Prospect	(Water-wet)	425 

This well was drilled by ENI Norge and is situated a short distance south of the Fingerdjupet 426 

subbasin on the northern Loppa high, where the stratigraphy is at a much shallower depth 427 

(Schlumberger, 2016a). The primary targets were the sandstones of the Snadd and Kobbe 428 

Formations.  429 

Out of 20 tests, 17 were tight and 3 supercharged (Schlumberger, 2016b), highlighting the 430 

challenging nature of obtaining reliable pressure measurements in very low permeability 431 

reservoirs. However, of the three supercharged tests, two still yield figures below hydrostatic. 432 
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Two tests at 1439 and 1442 m indicate underpressures of 5.7 bar and 5.8 bar respectively 433 

(circa. 96% of hydrostatic). As previously mentioned, supercharged tests yield a maximum 434 

possible pressure so the lowest pressure measurement in this interval is almost certainly 435 

closest to the true reservoir pressure, though the severity of underpressure cannot be 436 

determined. 437 

Three tests were also obtained via the MWD Stethoscope tool in shallower parts of the Snadd 438 

Formation between 1050 and 1160 m and indicate that the formation is at hydrostatic or 439 

slightly overpressured in this interval. It is, however, highly likely these points have been 440 

influenced by supercharging. 441 

Major mud losses of 45 m3 (283 bbl) per hour were encountered during coring operations at 442 

1479 m in the Kobbe Formation. The operation was carried out overbalanced so it does not 443 

prove underpressure but does highlight that the interval can flow. 444 

Greater	Hoop	Area		445 

The Greater Hoop area is something of a geological enigma. The Wisting oil discovery in the 446 

Stø Formation is situated very close to the seabed, at approximately 650 m TVDss with a 447 

water depth of 400 m. Underpressure in the Greater Hoop area is also somewhat enigmatic 448 

where severe underpressure coexists with hydrostatic pressures within the Triassic reservoir 449 

intervals.  450 

7324/7-1S	Wisting	Alternative	(Water-wet)	451 

This well was drilled by OMV Norge and is one of six wells on or in the immediate vicinity 452 

of the Wisting discovery. Of the six wells, four partially penetrated the Snadd Formation as a 453 

secondary target. Three of these appear to be normally pressured. The 7324/7-1s shows 454 

underpressure in the Snadd Formation (Schlumberger, 2013). One MDT pressure test at 1593 455 

m indicates minor underpressuring of 6.5 bar (96% of hydrostatic). Seven supercharged MDT 456 
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tests also fall below the hydrostatic. Given the high proportion of MDT tests exhibiting 457 

supercharging, it is possible that subtle underpressure has been missed in nearby wells. 458 

7325/1-1	–	Atlantis	(Gas	Discovery)	459 

The 7325/1-1 well, drilled by Equinor (then Statoil), encountered gas in the Snadd Formation 460 

whilst the shallower Stø Formation was water wet with residual oil shows (Schlumberger, 461 

2014c; Norwegian Petroleum Directorate Factpages, 2019). Ten meters of gas was proven in 462 

the Snadd Formation at 1547.5 m MD but poor reservoir quality meant further hydrocarbons 463 

could not be proven or ruled out (Norwegian Petroleum Directorate Factpages, 2019). The Stø 464 

Formation is normally pressured, but the Snadd Formation is underpressured by at least 50 bar 465 

at 1515 m TVDss. Pressure points shallower than 1400 m TVDss exhibit supercharging, so 466 

true reservoir pressures are likely lower in reality and may form a gas gradient. 467 

The fact that the greatest magnitude of underpressure here occurs in the gas leg can be 468 

interpreted in two ways. It could be indicative of fluid cooling as gas is much more 469 

compressible than water or oil. Alternatively, it could be argued that because gas is more 470 

mobile, it is preferentially drawn into the underpressured zones. This highlights the 471 

importance of analyzing the occurrences of underpressure in a holistic and regional context. 472 

Discussion	473 

Adjustment	times	and	lateral	flow	modelling	474 

For an anomalous pressure (low or high) generated by a past perturbation, the time that such 475 

pressure can sustain in disequilibrium with the surroundings essentially depends on the 476 

system’s ability to equilibrate or adjust to present conditions. Quantitatively speaking, the 477 

adjustment time can be approximated by the following equation: 478 

 ta=l2 × Ss × K-1  479 
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where ta is the adjustment time in years, l is half of the length of the anomalously pressured 480 

region in meters, Ss is the specific storage in 1/meters, and K is the effective hydraulic 481 

conductivity in meters per year (Neuzil, 2012).  482 

Specific storage here is largely controlled by rock compressibility for which we used values in 483 

the reservoir interval ranging from 7 × 10-10 to 7 × 10-8 Pa-1, based on common estimates for 484 

tight fractured rocks (Domenico and Mifflin, 1965; Domenico and Schwartz, 1998; Fitts, 485 

2002; Singhal and Gupta, 2010). Hydraulic conductivity is predominantly controlled by 486 

permeability. For the reservoir intervals we use measured data shown in Table 3. For the shale 487 

intervals, where no permeability data is available, we used a range of values from the 488 

analogous Pierre Shale (western United States) which has been relatively well studied in this 489 

respect (Bredehoeft et al., 1983; Neuzil, 1993).  490 

For the underpressured system beneath Adventdalen, Svalbard, we considered that pressure 491 

equilibration occurs either along the strata towards the outcrop beneath the fjord ~ 15 km 492 

away or through the overlying formation, depending on which route is fastest. For the 493 

nonoutcropping Fingerdjupet subbasin and Greater Hoop area, we calculated for vertical 494 

equilibration only. Some estimates of these vertical adjustment times and controlling 495 

properties are shown in Table 4.  496 

We simulated lateral pressure equilibration times through the Wilhelmøya Subgroup-De 497 

Geerdalen reservoir using MODFLOW (McDonald and Harbaugh, 1988) in the groundwater 498 

modelling software GMS v10.4 (AQUAVEOTM, 2019). The model domain comprises a 15 499 

km long, horizontal 1-D grid consisting of 150 cells each with a width of 100 m and a height 500 

of 400 m. The modelled groundwater system was assumed confined (no dry cells allowed) 501 

and the elevation 0 m was assumed to represent hydrostatic equilibrium. All outer boundaries 502 

were no-flow conditioned except the outermost cell in one of the ends, which was assigned 503 

Prel
im

ina
ry 

Vers
ion



23 
 

with a fixed hydrostatic pressure. All other cells were assigned a starting hydraulic head 504 

corresponding to an underpressure of 55 bar. A series of sensitivity scenarios were run to 505 

show the impact of variations in specific storage and hydraulic conductivity (Figure 9).  506 

We ran three scenarios (Table 5) to capture the range of geological possibilities at the site 507 

(Figure 10). The fastest equilibrium case represents fracture dominated flow at temperatures 508 

of 25 degrees C through very incompressible rock. The mid, and reference, case is based on 509 

measured bulk average matrix permeability and porosity with flow occurring at 2° C. The 510 

long case uses the lowest measured permeability and highest measured porosity values from 511 

the drillcore (Farokhpoor et al., 2014) as these represent potential cemented zones which may 512 

occur laterally from the wellbore. 513 

The large range in equilibration times shows the challenges of modelling such a 514 

heterogeneous reservoir. The longest equilibration case is based on the lowest measured 515 

permeabilities and highest porosities; this combination is extremely unlikely to exist in reality 516 

and to pervade from the wellbore to outcrop. The low case is more feasible as water injection 517 

tests showed flow through fractures (Mulrooney et al., 2019), however these injection tests 518 

were carried out in excess of 100 bar (UNIS CO2 Lab AS, 2015 and references therein; 519 

Mulrooney et al., 2019) causing the reopening or formation of fractures. The mid case 520 

probably reflects the most likely flow conditions but still does not fully incorporate the 521 

complexity of the system, e.g. changes with fractures as pressures equilibrate and the 522 

variation of temperature with depth. 523 

On Svalbard, because of the relatively long equilibration times it is not feasible that any past 524 

or ongoing hydrological processes can explain the observed severe underpressure. In contrast, 525 

a past geological forcing event inducing anomalous pressure may still influence the present 526 

system. Vertical adjustment times in the Greater Hoop area also indicate a geological forcing 527 
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event over the past tens to hundreds of thousands of years. The Fingerdjupet subbasin may 528 

retain abnormal pressures for an event up to tens of millions of years in past, due to the very 529 

thick, low-permeability caprock and sealing basin-bounding faults. 530 

Presence	of	underpressure	531 

In Svalbard underpressure has not been observed in historical exploration wells and its 532 

presence in the wells of the Longyearbyen CO2 Lab came as a surprise. It could be that the 533 

underpressure occurrence is somewhat isolated and dependent on burial history and uplift, 534 

which varies significantly throughout Svalbard and the Barents Sea (Braathen et al., 1995; 535 

Dimakis et al., 1998; Henriksen et al., 2011). Alternatively, it is possible that previous wells 536 

in Svalbard simply did not observe underpressure due to the lack of any direct pressure tests 537 

on the Jurassic or Triassic reservoirs and their extremely low permeabilities. Notably the 538 

persistent pressure monitoring in the Longyearbyen CO2 Lab wells was taken over long 539 

timescales in static shut-in wells which also enabled fluid losses, the same would be unlikely 540 

to be observed in the hydrocarbon exploration wells. 541 

In the Greater Hoop area the Jurassic Stø Formation is shallow, permeable and well-plumbed 542 

in the area, resulting in it being normally pressured (Klausen et al., 2018). Underpressure is 543 

observed in the Snadd Formation in two wells some 50 km apart. However, both of these 544 

wells are located immediately adjacent to other wells that encountered hydrostatic pressure in 545 

the same intervals. The Stø Formation is highly permeable (Table 3), well-connected, and sits 546 

at very shallow depths in the Greater Hoop area, resulting in hydrostatic pressures.  547 

The formations crop out extensively along the coastline and beneath Adventfjorden (and 548 

Isfjorden) approximately 15 km to the northwest. Critically, there is no evidence of a major 549 

lateral pressure seal, with outcrop locations matching the subtle regional dip (Major and 550 

Nagy, 1972; Ogata et al., 2014). Strontium isotope analysis by Huq et al. (2017) indicates the 551 
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lack of lateral seal between drill site 1 and drill site 2 (Figure 7), in the Longyearbyen CO2 552 

Lab. It is likely that the very low permeability reservoirs restrict flow and help maintain the 553 

below hydrostatic pressures. 554 

Similarly, the Greater Hoop area does not demonstrate clear evidence of lateral seals and the 555 

Snadd Formation reservoir has very low permeability. The isolated occurrences of 556 

underpressure in the Snadd Formation likely occur due to the reservoir connectivity and 557 

permeability or due to local variations in the mechanism causing underpressure.  558 

Whilst the Stø Formation is normally pressured in the Greater Hoop area, it is underpressured 559 

in all wells of the Fingerdjupet subbasin. The Stø Formation is of poor reservoir quality in the 560 

central and western parts of the basin but comparatively good in the east (Table 3). The 561 

bounding faults of the Fingerdjupet subbasin (Serck et al., 2017) may act as effective pressure 562 

seals. 563 

It is important to note that evidence of underpressure is not confined to the reservoir intervals 564 

but also likely extends into the cap rock. Well 7321/7-1 in the Fingerdjupet subbasin 565 

experienced major mud losses in 800 m of predominantly claystone caprock (Anadrill-566 

Schlumberger, 1988). As the section was drilled using seawater and gel, the pressure must 567 

have been below hydrostatic to cause such losses into the formation. Complications from this 568 

lost circulation resulted in the section taking some 92 days to complete. It also highlights the 569 

presence of zones within the interval of sufficient permeability to allow flow of significant 570 

quantities of drilling fluid into the formation.  571 

Cause	of	underpressure	572 

Underpressure caused by hydrocarbon production and subsequent depletion is relatively 573 

common and well documented (Teufel et al., 1991; Lee and Wattenbarger, 1996; Addis, 1997; 574 
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Hillis, 2001). Naturally occurring underpressure in petroleum provinces, caused by geological 575 

perturbations, is relatively poorly understood. 576 

Natural underpressure can exist in either equilibrated or disequilibriated systems (Neuzil, 577 

1995). Equilibrated systems occur due to their present geological surroundings, such as areas 578 

with downdip outflow at lower elevations as observed in the Western Great Artesian Basin in 579 

Australia (Love et al., 2013). Disequilibriated systems cannot be explained by present day 580 

settings and have been caused by “geological forcing” (Neuzil, 1995; Neuzil, 2015) in the 581 

past and are still in the process of equilibrating to hydrostatic. Underpressure in petroleum 582 

provinces is more often attributed to systems in disequilibrium because they are typically 583 

deeper and protected from the effects of groundwater flow. 584 

While the normal compaction of shales and their propensity to produce overpressure is 585 

relatively well understood (Swarbrick and Osborne, 1998; Swarbrick et al., 2001), how they 586 

may decompact, dilate or fracture during uplift is poorly studied. Nevertheless, severe 587 

underpressure in ultralow permeability shale and marls (Neuzil, 1993; Neuzil and Provost, 588 

2014; Vinard, 1999) in recently uplifted areas is evidence of this mechanism in effect. 589 

Reservoir intervals become underpressured as the decompacting shale seal draws fluid from 590 

the reservoir leaving them both underpressured. In the reservoir interval it is possible that 591 

dissolution increases the pore space without increasing fluid volume (Neuzil, 1995). 592 

Cooling is typically documented as a cause for underpressure in hydrocarbons rather than 593 

water due to the small volume change cooling has on water (Corbet and Bethke, 1992). In 594 

basin-centered gas systems the downdip gas leg is typically abnormally pressured with the 595 

updip aquifer being normally pressured (Law, 2002; Law and Dickinson, 1985).  596 

Prel
im

ina
ry 

Vers
ion



27 
 

Differential water flow is proposed to occur where a regionally dipping and vertically sealed 597 

reservoir has a lower rate of meteoric recharge in the updip outcrops as it does in the downdip 598 

discharge area (Nelson and Gianoutsos, 2011; Nelson et al., 2015).  599 

Although termed the “hydrostatic” gradient, in reality on geological timescales it is very 600 

dynamic. Because of this, hydraulic pressures in the subsurface are likely to be out of 601 

equilibrium when the hydrostatic gradient changes. This is particularly the case where the 602 

reservoir is well sealed and hydraulic pressures dissipate slowly. Changes in the hydrostatic 603 

gradient may for example relate to changes in the water table or sea level, or changes in 604 

salinity (e.g. influx of meteoric or seawater).  605 

Cooling related to uplift has occurred throughout the Cenozoic in the Barents shelf. As 606 

previously mentioned, cooling is likely to influence hydrocarbons rather than water. In 607 

Svalbard and the Fingerdjupet subbasin underpressures are observed in aquifers and, the 608 

magnitude, are unlikely to have been caused by cooling. In the Greater Hoop area, the greatest 609 

magnitude of underpressure occurs in gas bearing channelized sandstones and has likely been 610 

influenced by cooling. An alternative hypothesis is that gas is more mobile and thus may have 611 

migrated into the low permeability underpressured interval. 612 

Sea-level rise accompanies deglaciation and may generate underpressure on any reservoirs 613 

below sea level, as is the case in all wells of our study area. Hydrostatic gradients in our study 614 

are based on present-day sea levels. As sea-level rise is much faster than sea-level fall 615 

(Landvik et al., 1998) it can leave subsurface pressures out of equilibrium. Poorly connected 616 

reservoirs with a rigid pore framework are more likely to be out of equilibrium with present-617 

day hydrostatic gradients. During sea-level rise the maximum magnitude of underpressure 618 

generated is the same as the hydrostatic gradient, typically 0.1007 bar/m.  619 
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Underpressure formed by fluid shrinkage and sea-level rise should result in equal magnitudes 620 

of underpressure regardless of location. It may simply represent the different degrees to which 621 

underpressure has equilibrated back to hydrostatic pressure. An increase in pore volume can 622 

explain the differences in underpressure as numerous factors will influence the magnitude. 623 

This includes the initial reservoir properties, the lateral and vertical connectivity, and the pore 624 

volume increase in the lithology where the increase occurs. In Svalbard fractures have 625 

reopened due to recent uplift (Ogata et al., 2014; Van Stappen et al., 2018). It is likely that 626 

they both contribute towards a pore volume increase in the reservoir and shales. In addition, 627 

they may enhance vertical connectivity into the decompacted and fractured top seal.  628 

The formation of permafrost may contribute to forming underpressure. Dobrynin and 629 

Serebryakov (1989) suggest that the formation of permafrost results in the hydrostatic 630 

gradient beginning at the base of the permafrost. Subsequent thawing of the permafrost 631 

hypothetically leaves the paleohydrostatic pressure out of equilibrium. However, we do not 632 

observe hydrostatic pressures beginning at the base-permafrost in Svalbard or in other parts of 633 

the world where thick permafrost persists (Osterkamp and Payne, 1981; Kamath et al., 1987; 634 

Majorowicz and Hannigan, 2000). If this were true it would render drilling without loss of 635 

well control impossible in much of the prolific petroleum provinces of the North American 636 

Arctic. Furthermore, as the majority of water in permafrost remains in situ, hydrostatic 637 

equilibrium would be achieved immediately during thawing. In reality, permafrost likely 638 

contributes to underpressure to a minor extent due to the volume increase and expulsion of 639 

water during formation and slightly reduced hydrostatic gradient. Subsequent thawing can 640 

lead to minor underpressures with a maximum magnitude of 0.011 bar per meter (0.049 psi 641 

per foot) of permafrost thickness.  642 

Table 6 summarizes the geological feasibility of every proposed mechanism of underpressure 643 

generation. There may be contributions from multiple mechanisms in the formation of 644 
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underpressure. However, the likely dominant mechanism that consistently explains the 645 

development of underpressure throughout the study area is unloading and fracturing. 646 

Fracturing is prevalent in both the cap rock and reservoir, but the lower connected pore 647 

volume prior to decompaction and its much greater thickness in the shale it is more sensitive 648 

to such changes pore volume increase. The shale interval is more likely to also elastically 649 

decompact (Neuzil and Pollock, 1983). Underpressure exists in the cap rock in Svalbard and 650 

the Fingerdjupet subbasin (Anadrill-Schlumberger, 1988). Further evidence of fluid mixing in 651 

the cap rock from isotope data (Huq et al., 2017) also suggests this mechanism. Whether 652 

caused by elastic dilation of the shales or the reopening of fractures, underpressure has most 653 

likely been caused by glacial cycles and deglaciation. Figure 11 shows the mechanism 654 

whereby fluids are initially removed from the system by glacial build-up, and then relatively 655 

rapid deglaciation causes the decompacted shales to draw fluids from adjacent reservoirs. 656 

Fluid cannot infiltrate the voids created at fast enough rates to reach hydrostatic equilibrium 657 

due to the extremely low reservoir permeability. There was likely a further minor contribution 658 

to underpressuring due to sea level rise, permafrost formation and thawing, and fluid cooling 659 

on the order of a few bar for each process.  660 

Implications	of	underpressure	661 

The potential implications and impacts underpressure can have on the petroleum system are 662 

illustrated in Figure 12. The most immediate threat underpressure poses is to drilling. 663 

Underpressure in the formation means pressure in the wellbore is always higher (or 664 

overbalanced) which can lead to drilling mud losses into the formation (Majidi et al., 2008). If 665 

drilling fluid losses are at a high rate it can lead to loss of well control. The same process can 666 

also lead to differential sticking of the drill pipe which, in the worst case, may result in the 667 

drill string needing to be cut. Drilling fluid entering the formation can also lead to formation 668 
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damage (Jilani et al., 2002) and can complicate petrophysical logging and potentially lead to 669 

missed pay (Ceyhan et al., 2016). Underpressure in the reservoir will also impact the storage 670 

potential and phase of any injected gas, such as carbon dioxide, into the reservoir (Baklid et 671 

al., 1996).  672 

Underpressure in the top seal also poses a significant risk to drilling, particularly in fractured 673 

or faulted zones where flow can occur. As underpressure cannot be countered by adjusting the 674 

drilling mud density below that of water, we recommend using high viscosity or clay-675 

modifying drilling muds through such zones. Problems during well drilling for the 676 

Longyearbyen CO2 Lab led to the successful application of potassium chloride (KCl) 677 

saturated mud while drilling through a detachment zone in the Jurassic shales. Pressure 678 

differences influence fluid flow pathways. If underpressure generation coincides with fluid 679 

migration, then it can influence both the lateral and vertical migration direction. Due to the 680 

similar influencing mechanisms it is feasible that underpressure generation occurred at a time 681 

of tertiary migration in the study area (Ohm et al., 2008) which adds further complication to 682 

migration models. Similarly, pressure differences can lead to tilted hydrocarbon contacts, 683 

particularly in low permeability reservoirs (Dennis et al., 2005).  684 

Pressure differences are often used to ascertain fluid communication through stratigraphy or 685 

faults (Smith, 1980). In a typical hydrocarbon province lateral or vertical relative pressure 686 

differences would lead to the inference of seal between them. However, in the case of the 687 

Barents Sea, underpressure has developed geologically recently and is nonuniformly 688 

distributed. Using simple pressure differences as evidence of long-term sealing is challenged 689 

because of this, particularly in the low-quality reservoirs of the Barents shelf,  690 

The occurrence of underpressure in the top seal may result in a reduction of its sealing 691 

potential in terms of both its fracture pressure (Hillis, 2000) and the capillary entry pressure, 692 

Prel
im

ina
ry 

Vers
ion



31 
 

and should be taken into account during any seal analysis together with the fluid pressures in 693 

the bounding formations (Ingram et al., 1997). In the Barents Sea this may be important in the 694 

retention of commercially viable oil and leakage of economically unviable gas (Clayton and 695 

Hay, 1994; Zolotukhin et al., 2015).  696 

Conclusions	697 

The unique geological setting of the northwestern Barents shelf has resulted in underpressure 698 

being encountered both onshore Svalbard and in the offshore petroleum province in the 699 

correlatable Jurassic and Triassic formations. In Svalbard the underpressured seal and 700 

reservoir section is also exhumed to enable direct geological observation of the interval of 701 

interest. The main findings of this study are: 702 

• Modelling and observations indicate underpressure has formed geologically recently  703 

• Recent uplift has occurred here as with other cases of underpressure in petroleum 704 

provinces 705 

• Underpressure should be anticipated and care should be taken drilling the Jurassic 706 

shale and sandstone intervals of the Fingerdjupet subbasin and Triassic intervals of the 707 

Greater Hoop area 708 

• The greatest magnitudes of underpressure occur in low permeability intervals 709 

juxtapose thick shales 710 

• Caution should be taken when using pressure differences as evidence for effective 711 

long-term seals 712 

• Supercharging is a common effect of tight rocks in the study area and may equilibrate 713 

on timescales of days to years 714 
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