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Abstract
3D seismic data, well logs, core-based lithofacies and photographs have been combined to interpret and model the deposi-
tional facies of the Mangahewa Formation of the Maui Gas Field, Taranaki Basin, New Zealand. The primary objective of 
the study is to generate a robust facies model for the Middle to Late Eocene (47–37 Ma) Mangahewa Formation of the field. 
The facies model has included eighteen depositional facies spatially distributed over the gas field. These facies are further 
subgrouped into three broad depositional facies associations, namely marginal marine, shallow marine and offshore environ-
ment. We have identified that marginal marine is the most dominant facies association (64%) within the model. The model 
visualizes estuarine and shoreface sand geobodies dominating over other facies within the model. Both geobodies comprise 
over 40% of all the facies interpreted in the field. The entire modeling process involves a novel stochastic approach using 
unique workflow that follows 3D gridding, coding of the facies classes and multiple iterations over the interpreted facies. 
The model therefore realistically visualizes potential facies responsible for “good”-quality reservoir sands in the Mangahewa 
Formation with possible retrogradation from older to younger succession.

Keywords  Maui Gas Field · Facies modeling · Sequential indicator simulation (SIS) · Variogram analysis · Depositional 
environment

Introduction

Maui Gas Field is the largest hydrocarbon-producing field 
of New Zealand to date, with a field size of 150 sq. km. It 
is considered to be a two-way dip closure anticlinal struc-
ture (Fig. 1). This field is situated in the southern region 
of the Taranaki Basin and is bounded from both east and 
west by two regional faults, Cape Egmont Fault and Whi-
tiki Fault (Stagpoole and Nicol 2008; Laird 1993). This gas 
field has been producing from three main reservoir sands, 
namely the Mangahewa, Kaimiro and Farewell formations 
of the Kapuni Group (King and Thrasher 1996; Bryant et al. 
1994; Voggenreiter 1993). The reservoir sands are broadly 
NE-SW trending with a succession of cyclic deposition of 
terrestrial, marginal marine to shallow marine facies (King 

and Thrasher 1996). This fairway includes Middle to Late 
Eocene Mangahewa Formation, which is the main focus 
of this study. There have been very few studies regarding 
facies modeling on this producing field, thus creating a gap 
in understanding the facies distribution of the subsurface 
reservoirs. Although stochastic modeling is a relatively new 
technology (Barboza et al. 2009; Mayall et al. 2006), it is 
highly suitable to interpret heterogeneity and uncertainty of 
the facies in the subsurface. To fulfill the gap, we have devel-
oped an understandable and robust three-dimensional facies 
model of the Mangahewa reservoir. This is essential in deci-
phering depositional variability within the studied formation 
with implications for both exploration and development.

Regional geological settings

Taranaki Basin is the largest basin of New Zealand which is 
overprinted by Neogene convergent margin-related tectonics 
(Stagpoole and Nicol 2008; King and Thrasher 1992; King 
1990). The entire New Zealand subcontinent is characterized 
by a passive margin and subsidence followed by consecutive 
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accumulation of Paleocene-Eocene sediments across the 
shelfal and coastal plains of the basin (King 1990). It is to be 
noted that sedimentation mostly occurred within the passive 
margin. There had been sea level rise and fall cycles during 
Paleogene period (King 1990; King and Thrasher 1996). 
Most of the basin remained tectonically quiescent till the end 
of the Eocene. However, it is also observed that an overall 
pattern of asymmetric eastward thickening of Middle to Late 
Eocene strata suggests regional fault-controlled subsidence 
during this period (Stagpoole and Nicol 2008). Major forma-
tions within the field have low regional dip angle (~ 10°) in 
the north and (~ 15°) in the southern part of the field (Haque 
et al. 2016).

The Kapuni Group and the Moa Group are two time-
equivalent subdivisions of the Paleocene-Eocene strata 
(Fig. 2). The Kapuni Group is further subdivided into the 
Paleocene Farewell Formation, Early to Middle Eocene 
Kaimiro Formation and Middle to Late Eocene Manga-
hewa Formation and uppermost McKee Formation (King 
and Thrasher 1996). Our focus of study is the Mangahewa 
Formation which overlies the Kaimiro Formation and under-
lies the Turi Formation of the same group. The Mangahewa 
is the thickest formation among the formations of the Kapuni 
Group and hence the most prolific reservoir interval within 
the Maui Gas Field. The base of this formation is interpreted 
to be a conformable contact (Higgs et al. 2012).

Fig. 1   Maui Gas Field and sur-
roundings, Taranaki Basin, New 
Zealand. Modified after King 
and Thrasher (1996), Higgs 
et al. (2012) and Haque et al. 
(2016)
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Methodology

Maui dataset

The data made available for the study were comprised of 
1500 km2 of 3D seismic data, 17 wells including well logs 
(GR, resistivity, density, neutron, sonic), formation tops and 
completion reports, core photographs and related lithofa-
cies of Maui-5, Maui-6 and Maui-7. Using the geodetic 
reference plane (New Zealand Geodetic Datum-1949) and 
Universal Transverse Mercator (UTM) as the projection 
system, 3D seismic data along with the interpreted Manga-
hewa horizon were georeferenced. 3D seismic data (in time 
domain) of the Maui Gas Field were stacked (post-stack) 
and migrated. The 3D seismic survey (in SEG-Y format) 
used in the study was processed using 100-1340 Inlines and 
01-4000 Xlines, 1836 samples/traces, sampling interval of 
3 ms and total time of 5500 ms. Wireline logs used in this 
study are all original logs with no corrections applied. Core 
depths were slightly shifted downward to match with the 

wireline logs available for this study. The original strati-
graphic formation tops were slightly adjusted to the log 
responses across the field.

Workflow

Facies modeling using stochastic algorithm was applied in 
this field considering the structural framework proposed 
earlier in the same field (Haque et al. 2016). We followed 
well-seismic tie approach for this study. We used checkshots 
to convert the density log and sonic-derived velocity from 
depth to time domain for the studied wells. After the cal-
culation of reflectivity series, convolution of a wavelet was 
performed with the reflectivity series to generate synthetic 
traces within the well location which was later used for 
matching the real seismic and synthetic to pick up the hori-
zons/geological boundaries from the known geology given at 
the well location. The marked horizons/geological bounda-
ries were used for well correlation in depth domain and also 

Fig. 2   General stratigraphic 
succession of Taranaki Basin, 
New Zealand. Modified after 
King and Thrasher (1992, 1996)



1020	 Journal of Petroleum Exploration and Production Technology (2018) 8:1017–1049

1 3

used for seismic interpretation in time domain to find the 
lateral facies continuity. In case of potential mismatches with 
the traces, we “stretched and squeezed” synthetic traces for 
best fitting with that of the seismic.

The well-tie approach was performed generating syn-
thetic seismogram in studied wells. After the process, the 
seismic reflector was matched with trace signal in seismic 
to synthetic trace in the wells (Fig. 3).

The lithofacies and the facies associations were inferred 
from the core observations and interpretations of the Maui-5, 

Maui-6 and Maui-7. The depositional facies interpretations 
were mainly being performed considering log responses of 
the studied wells. We interpreted lithofacies as well as depo-
sitional facies that may have occurred in the studied wells. 
We also got few previously published reports on electrofa-
cies and depo-facies of the Mangahewa Formation, which 
we used as a guide for this study. After the depo-facies were 
properly (geologically) interpreted, we matched the cored 
interval with the un-cored intervals using the log response of 
the cored interval as a calibration for the uncored intervals. 

Fig. 3   Synthetic seismogram for the Maui-1 (top) and Maui-2 (bot-
tom) wells. Synthetic seismograms were generated for horizon match-
ing with the 3D seismic cube of the Maui Gas Field. The trace match-
ing was performed on both time and depth seismic for better horizon 

interpretation. It is observed that the trace matching between the syn-
thetic-well log-real seismic is fairly accurate (Maui-3/Maui-4/Maui-5/
Maui-7 was also used to perform well-synthetic tying
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This led us to proceed for the 3D facies model of the forma-
tion of interest. Facies classification (Dorfman et al. 1990) 
was built at a well-to-well level which was then populated 
within the 3D grid nodes of the Mangahewa reservoir. Simi-
lar studies were performed on several different sedimentary 
basins by Rodríguez-Tovar et al. (2017), Alalade (2016), 
Harishidayat and Johansen (2015), Li et al. (2014) and Read-
ing and Collinson (1996). Interpretations were later com-
bined into the modeled grid which leads to the following 
workflow (Fig. 4).

Algorithmic approach

Choosing the right algorithm is the key for distributing 
geological parameters in space and time. Facies propor-
tions are generally considered to be most critical (Kup-
fersberger and Deutsch 1999; Kupfersberger et al. 1998; 
Deutsch 1998). The process itself involves modeling 
of facies grids with correct geometries and dimensions 
within the field. Facies discretization has been applied 
by Pyrcz et al. (2012), Harding et al. (2004) and Stre-
belle and Zhang (2004) on different hydrocarbon fields; 
therefore, the approach is taken to capture detailed facies 

associations within Mangahewa reservoir as well. It gen-
erally follows tolerable computing response with each 
assigned grid “nodes.” To obtain the best possible results, 
40 realizations for 20 layers of Mangahewa Formation 
(20X2) using sequential indicator simulation (SIS) was 
performed.

Pixel-based SIS algorithm is used with facies coding 
(Kupfersberger and Deutsch 1999) for the model that 
can be traced back to Geostatistical Software Library 
(GSLIB) (Xu and Journel 1993). However, common 
challenges in geomodeling, such as producing realistic 
modeled scenarios, logical facies boundary conditions as 
well as their proportions, were considered while modeling 
for this study. We applied collocated co-kriging in SIS 
to obtain spatial distribution of depositional facies, i.e., 
paleodepositional trend of all the layers within Manga-
hewa Formation. Moreover, the reason for choosing SIS 
over TGS is the simplicity and usability of the algorithm. 
For this study we developed somewhat unique approach in 
which we used SIS along with object-based facies coding. 
So this entire method follows a relatively new technique 
for geobody detection and quantification. During the first 
stage of this study, we developed a part of the 3D model 
using TGS algorithm, but numerous modeling iterations 
were taken without considerable success on facies prob-
ability and trending spatially. That is why, SIS with facies 
coding approach was considered for this study. The model 
considers nearest-simulated node values and variogram 
data for effective spatial and vertical facies distribution 
within the Mangahewa reservoir.

Facies interpretation

The Upper Eocene Mangahewa reservoir was interpreted 
as a mixture of marginal to shallow marine environment 
having a NE-SW trending shoreline (Higgs et al. 2012; 
King et al. 1995; Palmer and Bulte 1991). For this study, 
we have interpreted lithofacies through cored and un-
cored sections of the available wells following Jadoon 
et al. (2017), Zhong et al. (2017), Wang et al. (2014), 
Hammer et al. (2010), Cohen et al. (1996) and Seybold 
et al. (1996). Twelve lithofacies were interpreted based on 
sedimentological characteristics and bioturbation mark-
ers (Table 1). Eighteen depositional facies and 3 facies 
associations were identified and interpreted (Table 2). 
Core litho-logs of Maui-5 and Maui-6 are thoroughly 
described in Figs. 5 and 6. In general, these include 6 
sandstone-dominated lithofacies, 4 siltstone-dominated 
lithofacies and 2 mudstone-dominated lithofacies. It is to 
be noted that lithofacies analysis was one of the major 
indicators for depositional facies interpretation (Walker 
et al. 2016; Miall 2016; Turner and Bryant 1995; Seybold 

Fig. 4   Standardized workflow for 3D facies modeling of the Manga-
hewa Formation
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et al. 1996). Cored sections are interpreted based on the 
well log response, depositional facies variability and his-
torical reports. Based on the results of the interpretation, 
we used the outputs of the depositional facies into the 

geobody model for simulating uncored sections along the 
studied wells (Figs. 7, 8, 9). The calibration for the facies 
was performed to match subsurface geology of the studied 
formation. Maui-5, Maui-6 and Maui-7.

Fig. 5   Maui-5 litholog inter-
preted is from the cores. Biotur-
bations are absent from 2848 m 
to the bottom of the interpreted 
section. Graded to parallel 
beddings indicate relatively 
higher flow regime within the 
interval. From 2838 to 2847 m 
minor bioturbations are present 
with parallel to flaser beddings, 
intercalations of mudstone and 
sandstone with higher flow 
regime at the bottom of the 
interval. Massive sandstones 
covering 2826–2836 m exhibit 
moderate to intense bioturba-
tions within this interval
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Marginal marine facies association

The marginal marine environment encompasses a wide 
range of facies that reflect the interaction of fluvial and 
marine processes. However, for this study we only have 
identified dominance of marine characteristics within the 
marginal marine association. The range of interpreted 
depo-facies includes tidal channel sandstones, estuarine or 
distributary channels, tidal flat, mud flat, lagoonal deposits 
and flood-tidal delta deposits. The marginal marine envi-
ronment is probably the most complex of all environments 

(Howell et al. 2008; Yoshida et al. 2004; Reading and Col-
linson 1996; Dalrymple and Rhodes 1995), with common 
vertical and lateral changes in lithology that has negative 
impact on reservoir connectivity. The facies are explained 
in the following sections:

Tidal mouth bar/delta‑inlet sand

The thickness of the tidal mouth bars interpreted from 
the well logs reaches up to 20 m. From the core study, 
tidal mouth bar facies consist of cross-bedded, medium- 
to fine-grained sandstone and flaser-bedded sandstone. 

Fig. 6   Maui-6 litholog is interpreted from the cores. Bioturbations are 
absent from 2798 to 2816 m. Thick shale beds along with massive to 
parallel-bedded sandstone encountered within the interval. Minor bio-
turbations are present from 2785 to 2795 m. The interpreted interval 

is characterized by higher energy (no bioturbation) sandstone at the 
top, intercalations of bioturbated sandstone and clay with flaser bed-
ding, rip-up clasts in the middle and shale beds at the bottom
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According to the well log response and from the core 
photographs (Maui-5), it is evident that mouth bars have 
cleaner coarsening-upward response in the southern area 
compared to the wells in the northern area. Evidence of 
lack of bioturbations is also present in the core photo-
graphs (Figs. 10, 11). For our study, mouth bars that are 
seen in logs and cored photographs are all thought to 
be tide-dominated. Similar observations were made by 
Nicoletta et al. (2012) and Edmonds (2012) in siliciclas-
tic basins of similar stratigraphic setup. We also identi-
fied similar tidal mouth bar facies in Maui-2, Maui-5 and 
Maui-1 wells (from north-central to south).

Tidal flats

Tidal flat facies in Maui well logs are identified as very fine 
to fine-grained sandstones with relatively higher gamma 

response (Fig. 10). In the study area, average thickness 
of the tidal flat successions is about 20–50 m in different 
wells. Core photographs of the Maui-5 well have shown 
flaser to lenticular-bedded, wavy-bedded siltstone/sand-
stone and parallel-bedded very fine to fine-grained sand-
stone with minor bioturbations, ripple marks and irregular 
stratifications (Fig. 12). It is to be noted that tidal flats 
are intertidal, soft sedimented deposits which are normally 
found between high-water and mean low-water spring 
tide datums (Dyer et al. 2000) and are generally located 
in estuaries and associated low-energy marginal marine 
environments. Mudflat, mixed flat and sandflats are exten-
sively studied by Cacchione et al. (2002) and Pritchard 
et al. (2002) that were based on grain size distributions 
and changes in facies.

Muddy and sandy units are generally repeated in verti-
cal section too as shown in Figs. 12 and 13. Reactivation 

Fig. 7   Cored and uncored sections of the Maui-5 well. It is to be 
noted that the depositional facies interpreted for this well is based on 
the log-based lithological interpretation, probability of depositional 

facies occurrence. Initially, the cored sections are interpreted, cali-
brated and then correlated with the uncored sections for generating 
the depositional facies model
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surface and mudstone rip-up clasts are well preserved 
within the sandstone (Desjardins et al. 2012; Carmona 
et al. 2009; Shanmugam et al. 2000; Pashin et al. 2004). 
Reactivation surfaces seen in the well logs of Maui-5 well 
are typically indicative of varying flow directions (Fig. 13). 
Mudflats, sandflats and mixed flats occur in all wells and in 
different depths except Maui-5. It is evident that mudflats 
occurring within the Maui wells occur mostly toward the 
intertidal zone, whereas mixed and sandflats occur toward 
the supratidal zone. Mudflats encountered in wells have 
fining-upward successions in well logs, whereas mixed 
to sandflats have upward-coarsening trends as seen in the 
wells. The main difference for separating mudflats from 
sandflats is the subtle increment of GR value in mixed 
mudflats (Emery and Myers 1996) compared to that of the 
sandflats (Fig. 13).

Lagoonal mudstone

Lagoons are typically characterized by broad tidal flats 
(Plint et al. 1992). The succession is typically mudstone, 
often with thin wave rippled sand beds (Boggs 2011). 
Identifying lagoonal mudstone can be challenging at 
times, but we have identified that lagoonal mudstones 
occurred with the occurrence of shoreface/barrier sands 
above or below in the studied wells (Fig. 10). Therefore, 

the association provided critical insight to determine this 
particular depositional environment. Lagoonal mudstone 
facies occurred in Maui-7 and Maui-1 wells which sit 
relatively on the southern area (landward) of the studied 
formation (Fig. 14).

Tidal creek/channel fill/point bar

Tidal channel fill deposit comprises of well-sorted, fine- to 
medium-grained, herringbone cross-bedded sands and forms 
a fining-upward sequence as seen in the well log response 
and core (Maui-5). Except for Maui-6 and Maui-3 wells, all 
other wells encounter tidal channel fill deposits (in different 
depth levels as well suggesting of repetition of channel fill 
deposits in time), occasionally with channel lag at the base 
of the channel (Fig. 10). Pebbly sandstone is found at the 
base of the core within the facies association. The channel 
deposits are relatively small, stacked channel sand bodies 
(Fig. 15), representing repeated cut and fill. These sand bod-
ies show low gamma values and narrow N-D separations in 
both core photographs and logs.

Tidal point bars encountered within the formation 
are aggraded to fining-upward channel fills representing 
subtidal deposits that form in the middle to inner portions 
of estuaries. Tidal point bars occur in different depth levels 
within the Maui wells except in Maui-6 and Maui-3. Point 

Fig. 8   Cored and uncored sections of the Maui-6 well. Cored sections are initially interpreted, calibrated and then correlated with the uncored 
sections for generating the depositional facies model
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bar deposits in Mangahewa reservoir are normally fining-
upward sequences, mostly restricted to the areas where the 
tidal channels have formed.

Restricted bay sand

Restricted bay sands are highly argillaceous and heavily bio-
turbated sandstones interpreted in the Maui-5 well (Fig. 16). 
Restricted bay sands gradually fill with sediments depos-
ited in a series of prograding mini-deltas and are normally 
associated with tidal channel fronts where the grains get 
sorted and get deposited while protruding from the delta 
into the marginal marine conditions (Abrahim et al. 2008). 
These facies show relatively higher GR values compared to 
that of the tidal flat deposits (Abrahim et al. 2008). It has 
fining-upward succession with medium-grained sandstone 
at the base. In Maui-6 it is associated with tidal channel fill 
deposits.

Estuarine distributary channel sand

Estuarine forms at the mouth of the river flowing into the 
sea. Estuarine distributary channel sand deposition is very 
closely associated with barrier beach deposits. It is encoun-
tered only in Maui-3 which is on the northern area of the 
reservoir. Relatively thick channelized sand body is inter-
preted as estuarine channel sands (Figs. 10, 17), character-
ized by low API gamma response, blocky, upward-fining 
profile and wide separation in Neutron-Density (N-D) log 
(Abrahim et al. 2008; Rahmani 1988). It encounters a very 
thick succession of estuarine sand of about 160 m. In Maui-
B (P8), bioturbations are generally absent due to high-energy 
environment.

Fig. 9   Cored and uncored section of the Maui-7 well. Representative 
samples are taken from different depths of the Mangahewa Formation 
for a wide coverage on the depositional facies distributed over the 

studied well. Initially, the cored sections are interpreted, calibrated 
and then correlated with the uncored sections for generating the depo-
sitional facies model
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Distribution

Marginal marine facies are commonly identified as hetero-
lithics in character. Marginal marine facies are spreaded 
across the paleoshore of the Upper Eocene deposits. Wells 
encountering this facies association are Maui-3, Maui-5, 
Maui-6 and Maui-7.

Shallow marine facies association

For this study, we have interpreted shallow marine environ-
ment, i.e., shoreface depo-facies, from upper to lower shore-
face (from the mean low-water mark to mean fair weather 
wave base) (Howell et al. 2008). Shoreface environments are 
commonly characterized by fairly thick, upward-coarsening 
cycles representing prograding facies from mud-dominated 

Fig. 11   Tidal mouth bar response (coarsening-upward cycles) in core 
and log of Maui-5 well (top), Maui-2 and Maui-1 (bottom). Moder-
ate- to well-sorted sands with cross-bedding are present in the core. 
Log response displays variations in GR because of varying sand 

thickness with a gradational contact. At the base coarsening-upward 
cycles are interpreted in the Maui-2 and Maui-1 wells (bottom) that 
are solely based on log response as no cores are available in these 
wells
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Fig. 12   Tidal-flat response in core and well log of Maui-5 well. Log 
response indicates typical fining-upward cycle of the tidal channel 
fills. Rhythmic-bedded mudstone and siltstone, flaser to lenticular-
bedded and parallel-bedded very fine to fine-grained sandstone is 

observed on the cores. Flaser beddings are also observed at the bot-
tom of the succession indicating the presence of bidirectional flows of 
a typical tidal facies association

Fig. 13   Sand flat facies interpreted in well logs and core photographs of Maui-5. Well log response is suggestive of upward-coarsening succes-
sions. The core image of Maui-5 (R) indicates mud drapes within the sand beds, sigmoidal cross-bedded sandstone and absence of bioturbations
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offshore through lower shoreface and upper shoreface sand-
stones. Therefore, we employed the method of gamma ray 
response and relative abundance of sand versus shale to sep-
arate upper shoreface sands with middle to lower shoreface 
sands (Fig. 10).

Upper shoreface

The thickness of the facies interpreted both in logs and in 
core slabs ranges from 10 to 30 m, consisting of parallel-
bedded, low-angle cross-bedded sandstone, minor biotur-
bated sandstone. The thickness of the siltstone and fine sand-
stone layers ranges from few cm to several meters, which 
are characterized by well-sorted low-angle cross-bedded 

Fig. 14   Lagoonal mudstone response is interpreted in Maui-1 and Maui-7 wells. Serrated log response indicates fluctuating low-energy lagoonal 
mudstone associated with very fine-grained sand-silt intercalation in Maui-7 well
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sandstone. Upper shoreface facies consist of relatively 
cleaner sandstones where sands are mostly brought by the 
longshore drift and occasionally subjected to reworking by 
tidal, wave or storm actions (Li et al. 2011; Boggs 2011; 
Allen and Johnson 2010; Helland-Hansen 2010; Reineck 
and Singh 1980). In well log response, upper shoreface is 
observed to have thicker upward-coarsening gamma ray log 
response and wavy-bedded siltstone/sandstone. Similar stud-
ies were made by Li et al. (2011) and Cross et al. (1993) in 
two different siliciclastic basins. We also identified Ophio-
morpha burrows within the cores (Fig. 18) which is highly 
indicative of upper shoreface environment of deposition 
(Hammer et al. 2010; Howell et al. 2008).

Middle/lower shoreface

Middle and lower shoreface sands are characterized by the 
relative abundance of argillaceous sediments and intense 
bioturbations. For middle shoreface sands, sand packages 
are comparatively thicker as seen in the wireline logs and 
cores (Fig. 19) within overall aggradational packages. 
However, lower shoreface sands are highly argillaceous 
and intensely bioturbated with high gamma values and 
upward-cleaning API response.

Fig. 15   Stacked channel deposits in Maui-1 (mud-dominated) and 
Maui-2 (sand-dominated) and Maui-A 1G. In the well logs of Maui-1 
and Maui-2 (L), stacked channel deposits show a fining-upward, sea-
sonal fluctuating successions. On the right, the cores of Maui-A 1G 
show fine- to medium-grained cross-bedded sandstones with several 

scour bases suggesting stacked channel occurrence within the cored 
sections. Presence of trace fossils such as Planolites and Ophiomor-
pha (bioturbation on the channel tops) is suggestive of decrease in 
energy accompanied by possible marine incursion
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Distribution

The presence of the shoreface sands is common throughout 
the Mangahewa reservoir succession in the Maui Gas Field. 

We have observed that shoreface facies occur mostly in the 
northwestern part of the field where the facies are relatively 
thicker.

Offshore facies association

Shoreface barrier sand/reworked offshore bar

Shoreface barrier bar sands have been observed and inter-
preted in the logs (Fig. 10) and core photographs. Rare 
occurrence of medium- to coarse-grained sands is interbed-
ded within the shelfal mudstone, which is interpreted as pos-
sible shoreface barrier sands (Fig. 20).

Shelfal mudstone

Shelfal mudstone is a very fine-grained facies deposited 
from suspended sediments. Consequently, the massive 
mudstone and silty mudstone are suggestive of low-energy 
stable conditions mainly found in the offshore facies asso-
ciations. Shelfal mudstone is encountered (Figs. 10, 21) 
in most of the Maui wells and on top of the Mangahewa 
reservoir suggesting of a regional seal over the entire for-
mation. This facies is interpreted to extend beneath the fair 
weather wave base. The predominant lithology seen in the 
logs indicates high gamma response from the mudstone 
with upward-cleaning cycles (Miall 2016) having laminae 
and thin beds of lenticular, very fine sandstone and associ-
ated burrowing.

Distribution

Offshore facies are common in the northern end of the facies 
model, whereas it is also seen within the central eastern part 
of the model indicating possible transgression of the off-
shore facies toward the land.

Distribution of facies association based 
on thin‑section petrography

Mangahewa Formation in terms of suitable depositional 
facies for potential reservoir quality was interpreted to a 
range from poor to excellent.

Grain size of the Mangahewa Formation sandstones is 
generally favorable to good reservoir quality, with common 
medium-grained sandstones; coarser- and finer-grained 

Fig. 16   Bay facies are normally overlain and underlain by the mar-
ginal marine channel sandstones in the Maui-5 well
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sandstones also occur and are dependent on the facies. Sort-
ing characteristics are highly variable (poor to good) and are 
also dependent on facies, commonly with the best sorting 
occurring within the coastal sand bodies (shoreface sands). 
These observations indicate that the coastal sand bodies may 
have the best reservoir potential, exclusively based on tex-
ture alone.

Petrographic examination of the Mangahewa Formation 
sandstones shows them to be composed dominantly of quartz 
and feldspar with very rare lithic fragments. This highly 
rigid/labile grain ratio is typically favorable to preservation 
of intergranular porosity. However, variable amounts of 

detrital matrix, compacted and altered mica grains do occur 
particularly within the coastal plain facies; both of these 
might be detrimental to reservoir quality.

The main detrimental factors to reservoir quality of the 
Mangahewa Formation are the effects of compaction and 
cementation during burial diagenesis, which is clearly evi-
dent in the studied thin sections along the Mau-5 and Maui-6 
wells (Fig. 22). Carbonate cement is locally pervasive, but 
more commonly quartz cements occur; both mineral cements 
have reduced the size of intergranular pores and in some 
cases have removed all traces of visible porosity.

Fig. 17   Estuarine log response 
observed in Maui-3 (L) and core 
photograph of Maui-B P8 (R). 
The log response is relatively 
cleaner throughout the entire 
interpreted succession (L). On 
the right, the cored sections 
of Maui-BP8 show tidally 
influenced estuarine channel 
sands with clean, generally 
medium-grained, upward-fining, 
cross-stratified sandstone. 
The beds are interpreted to be 
stacked, and bioturbations are 
not present due to higher energy 
environment of deposition
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Stochastic modeling of Mangahewa 
reservoir

In recent years, stochastic modeling has been a significant 
tool for addressing complex problems related to geosciences 
(Pyrcz and Deutsch 2014; Myers 2006). In short, stochastic 
modeling is a quantitative description of a natural phenom-
enon which predicts a set of possible outcomes weighted by 
their likelihoods or probabilities (Karlin and Taylor 1998). It 
is widely used to build probabilistic geomodels of petroleum 
reservoirs conditioned on variety of information like seismic, 
core porosity–permeability, well log responses (Goovaerts 
2006). The advent of stochastic modeling and the devel-
opment of the modeling parameters have been considered 

as the key factors for the current study to utilize stochastic 
modeling in the Mangahewa reservoir. Sequential indicator 
simulation (SIS) is a widely used technique in industry for 
its categorical variable models; therefore, we have opted for 
the algorithm for modeling Mangahewa facies within Maui 
Gas Field. Although there remain several legitimate criti-
cisms against SIS, such as the produced model can appear 
to be patchy, variograms can control two-point statistical 
measures, cross-correlation between multiple categories is 
not explicitly controlled, etc., we however opted for the algo-
rithm for some specific reasons for which SIS is chosen over 
any other conventional techniques (Deutsch 1998). With 
SIS, required statistical parameters of the facies are easy to 
infer from limited data, the model is reasonable in settings, 

Fig. 18   Upper shoreface deposits interpreted in Maui-6 well. Core 
images interpreted on two different depth ranges (2827–2829 and 
2788.2–2789.3 m) are interpreted to be upper shoreface sands. Fairly 
thick interval of clean sandstone (upper right) associated with occa-

sional low-angle laminations (lower right) indicates typical shoreface 
sands. Lower right core images show the presence of Ophiomorpha at 
the top of the succession, possibly deposited in the shoreline barrier 
system
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and the algorithm is robust providing straightforward way 
for transferring uncertainty in categories through resulting 
numerical models (Pyrcz and Deutsch 2014; Deutsch 1998).

Probability of facies occurrence

For Mangahewa reservoir, eighteen (18) depo-facies were 
identified. These facies account for a set of particular deposi-
tional environment and are further grouped into three broad 
facies associations (Table 2). The actual occurrence of a 
particular facies interpreted on the logs is maintained across 
the gas field in all available wells and is manually picked 
following the log motifs seen from the log response of the 
studied wells to determine facies and associated depositional 
environments. The variability of the facies depends on the 
paleodepositional structure, geological conditions, local sea 
level fluctuation and sedimentation rates. Similar approach 
was made by Catuneanu et al. (2009) for probability occur-
rence of facies classes in different stratigraphic zones.

Analyses of the depo-facies distribution and the prob-
ability statistics using modeled data analysis (MDA) with 
all possible wells, indicate that estuarine channel sands 
(32%), shoreface sands and tidal channel fills (44%) are 
the most frequent facies according to the probability dis-
tribution within the model, whereas shelfal mudstone con-
stitutes only 7% of the total facies. Depo-facies modeling 

also shows that within marginal marine (MM) environ-
ment, tidal channel fill, point bar and mouth bar sands 
occupy 28% of cells within the facies model and tidal 
flats (sand flat/mixed flat/mudflat) constitute 10% of cells, 
whereas estuarine channel sand dominates with 26% of 
cells on the modeled reservoir. We also have observed 
that over 90% of the interpreted facies have 10–20 m of 
thickness (Fig. 23). It is to be noted that while generat-
ing the model, facies classes, their possible occurrence 
in logs (Harding et al. 2004; Bloch and Helmold 1995) 
and distribution in present-day morphology are taken into 
consideration for both horizontal and vertical direction. 
Of the shallow marine (SM) facies, shoreface sands com-
prise about 21% and offshore bar sands comprise 8% of the 
total facies modeled in the reservoir. It is evident from the 
estimates that the model gets close to approximation when 
compared with the facies probability occurrence calculated 
from the actual well responses.

Marginal marine is the dominant paleoenvironmental 
setup of the Mangahewa reservoir having 64% of depo-
facies. Shallow marine environment comprises about 29% 
of the depo-facies, and the offshore constitutes only 7% of 
the facies distributed within the gas–water contact (GWC). 
While optimizing model realizations, the probability 
curves of the facies have shown low degree of separation 
from the actual data interpreted in the well logs (Fig. 24).

Fig. 19   Middle shoreface 
deposits interpreted in the 
cored sections along with 
the log responses seen in the 
Maui-5 well. These are slightly 
to moderately argillaceous 
sandstones with heavy bioturba-
tions seen the cored sections 
(R). The sandstones of the 
middle shoreface are generally 
medium-grained represent-
ing high-energy deposition. 
Burrows seen in the cores are 
predominantly bigger in size, 
thick-walled Ophiomorpha, with 
other possible burrows includ-
ing skolithos, planolites
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Facies dimensions

Determining three-dimensional geometries of the inter-
preted facies was a key component of this study. As the 
facies and facies classes were directly associated with the 
quality of the reservoir, facies geometries were carefully 
interpreted. According to the facies associations, tidal flats, 

tidal creeks/fill/point bars, lagoonal mudstone, bay sands 
and estuarine distributary channel sands were grouped in 
Marginal Marine Facies Associations, of which tidal flat is 
about 1–20 m in thickness in different gridded layers with 
an average width of 2000–3000 m in the model (Fig. 23). 
Tidal flats mostly occurred on the shallower layers of the 
model. Tidal creeks/fills/point bars combined were around 

Fig. 20   Barrier-bar sand/reworked offshore bar sand log/core 
responses interpreted in Maui-5 core (2838–2840  m) and Maui-6 
well. Barrier bar sands are interpreted as thickly bedded sandstone, 

low-angle laminations possibly representing remnant hummocky 
cross-stratifications (HCS) as seen in the cores (R)
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10–15 m in thickness with an average width of 500–800 m 
in the model. Lagoonal mudstones were 1–10 m thick with 
an average width of 500–1000 m and occurred at the middle 
layers of the model. Bay sands were thinner, 1–5 m in thick-
ness and restricted in width only within the shallow layers 
of the model. Estuarine channel sands were thicker deposits 
with an average thickness of 50–80 m within the shallower 
layers of the grid. It was interpreted to be found only on the 
northeastern and central section of the studied area. Upper, 
middle and lower shoreface of the Shallow Marine Facies 
Associations was found in the model with varying degree of 
thickness and width in different layers within the modeled 
grid. Upper shoreface was 5–30 m thick with an average 
width of 2000–5000 m distributed along the paleocoastline. 
Middle to lower shoreface is found to be 10–30 m thick on 
average and similar width that of the upper shoreface. These 
were found mainly on the mid-shallower layers of the model. 
Offshore mudstone is 10–50 m in thickness with an aver-
age width of 2000–10,000 m parallel to the paleocoastline 
and was found mainly on the shallower layers of the model 
(Fig. 23).

Facies ordering

The study area is part of a sedimentary environment that 
consists of marginal marine to shallow marine leading to 
the offshore environments. The entire facies associations 
are highly heterogeneous and complex. In this regard, all 
possible contacts and transition within depo-facies were 
taken into consideration for generating final stochastic facies 
model.

For this study, we first devised all possible strike and dip 
directions of all possible facies. Lateral geobodies and their 
vertical distributions were identified and generated using 
the appropriate algorithm mentioned above (Pyrcz and 
Deutsch 2014). Geobody is a term exclusively used for this 
study, which is defined as a specific geological body lim-
ited within a space in the subsurface significant enough to 
model in both horizontal and vertical directions (Strebelle 
et al. 2016). While modeling the facies for a particular order-
ing sequence, we have found that the facies proportion and 
association are roughly NE–SW oriented, whereas marginal 
marine facies are situated relatively on the SW part and the 

Fig. 21   Offshore mudstone 
interpreted in Maui-6 well. 
Shelf mudstone is medium 
gray, silty and sandy mudstone 
characterized by irregular, rip-
ple laminations. Log response is 
interpreted on the basis of very 
high GR value with negative 
separation on the N-D logs 
indicating water-wet muds of 
the shelfal mudstone (L). In 
the core, the shelfal mudstones 
are interbedded with very fine 
(storm) sandstones as seen in 
the core (R)
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offshore facies successively grade to the NE part of the field 
(Fig. 25).

Sedimentary depo‑facies modeling

Determining all possible interpreted depo-facies distribu-
tion is the key to model the Mangahewa reservoir. Overall, 
the model covers a length of about 27,000 m diagonally 
(following paleoshore trend) and 20,000 m at its maxi-
mum width. Eighteen separate variogram was used in both 
horizontal and vertical variogram directions for optimum 

output. Due to the nature of heterogeneity, specific geo-
body ratios for each facies were applied. Paleoshoreline 
reconstruction was made as well to better delineate shore-
line shifts in exchange of varying sea level responses 
within the field.

Paleoshoreline reconstruction (PsR)

Depositional facies model showed the lithological and facies 
changes during Late Eocene Mangahewa Formation. The 
model depicted lateral as well as vertical facies variability 
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within the 3D facies model. This is reflected on the evolv-
ing shoreline and coastal depositional fluctuations which in 
part is related to phases of local sea level rise or fall. For an 
overall understanding of how the paleoshoreline has shifted, 
the model is divided into six horizontal slices showing rela-
tive positions of the shoreline with respect to the spatial 
facies distribution. It clearly shows a NE–SW orientation of 
the coastal facies belt and its constituent subenvironments 
(Fig. 26). We have interpreted an overall transgression of 
the facies from older deeper to the younger shallower lay-
ers within the model. Tidal channel bodies and estuarine 
scouring are also clearly evident in the model and appear to 
be situated in the SW part of the model. Lagoonal bodies 
and associated facies are observed mainly in the NE sec-
tion of the model. Offshore bars and reworked sand facies 
are positioned on the outskirts of the paleoshoreline having 
NE–SW that gradually move toward north from older deeper 
to younger shallower layers of the 3D model. The paleo-
shoreline reconstruction is therefore an excellent analogy 
for the literature available on the region based on shoreline 

shifts due to sea level fluctuations (Stagpoole and Nicol 
2008; Kamp et al. 2004).

It is also to be noted that shoreline belt has retained a 
similar orientation along the layers throughout Late Eocene 
Mangahewa Formation. Moreover, the stable shift in trans-
gressing shoreline is considered to be due to the overall 
quiescent tectonic setting associated with passive margin 
evolution at the head of a large northwest-facing marine 
embayment (Kamp et al. 2004).

Model validation

Algorithmic validation

The selection of SIS depends on several factors. SIS being a 
simulation which is exclusively based on indicator approach 
(Gómez-Hernández and Srivastava 1990), it transforms each 
chosen facies into a new variable and the value of each vari-
able always corresponds to the probability of determining 
some related facies at a given position. At the present node 
where the algorithm is implied, it denotes specific facies 
to a value of 1, whereas the values for rest of the variables 
are set to 0. For better depiction of the subsurface geology 
of our model, a standard “servo system” (Deutsch 1998; 
Deutsch and Journel 1992; 1994) is used to improve node 
matching between the target and the result fraction in case 
of conflict with the other constraints (i.e., well density, vari-
ogram ranges). Principal assistance from this approach is 
dependent on variability of probability ranges for each node. 
Based on this approach and independent variogram for each 
facies, our model is simulated. This process also uses input 
for geological trend, major/minor direction of the facies and 
appropriate gridding (in this grid resolution of 50 × 50 m is 
used). Using SIS, we were able to infer required statistical 
parameters of the facies from limited data, the model was 
reasonable in settings, the algorithm was robust providing 
straightforward way for transferring uncertainty in catego-
ries through resulting numerical models (Pyrcz and Deutsch 
2014; Deutsch 1998).

Comparison of facies to non‑facies controlled 
approach

Apart from testing different algorithms, facies model is 
dynamically tested with a unique approach, “facies to non-
facies” controlled modeling. With this approach, in addition 
to determining algorithm, different iterations have been per-
formed based on a controlled facies trend and without any 
facies trend. We have noticed that while distributing any spe-
cific facies belonging to a sedimentary unit, the model tends 
to generate better geological picture of the facies that are in 
closer proximity to the nodes immediately assigned with that 

Fig. 22   Thin-section photomicrograph of the studied wells. The 
thin sections are representative as it covered from a wide range of 
depositional settings; marginal marine to shallow marine facies. 
Plane-polarized light view of conventional core sample. Sample 
impregnated with blue epoxy resin. View width 2.5  mm. a Clean, 
coarse-grained and moderately sorted sandstone of Maui-5 (2806 m). 
Detrital grains are mostly quartz with subordinate feldspar. The 
grains appear very loosely packed with large and very well-inter-
connected pores (porosity stained blue). Reservoir quality is excel-
lent. b Fine-grained and moderately well-sorted sandstone of Maui-5 
(2830 m). Detrital grains are mostly quartz with subordinate feldspar 
(K-feldspar stained patchy yellow–brown). Visible porosity is fairly 
common (stained blue) with locally large dissolution or hybrid (inter-
granular/dissolution) pores. However, the pores are variably intercon-
nected, with poorer connectivity in areas with common authigenic 
clay minerals. Reservoir quality is therefore likely to be moderately 
good. c Clean, medium-grained and moderately well-sorted sandstone 
of Maui-5 (2875  m). Detrital grains are mostly quartz and appear 
fairly loosely packed. Visible porosity is abundant and comprises 
large and well-interconnected hybrid pores that are composed of both 
intergranular and grain dissolution components. Consequently, res-
ervoir quality is excellent. d Clean, coarse-grained and moderately 
sorted sandstone of Maui-6 (2788 m). Detrital grains are mostly com-
posed of quartz with subordinate feldspar (K-feldspar stained patchy 
yellow–brown) and minor labile grains. Visible porosity (stained 
blue) is common and variably well interconnected. However, pore 
size is very large and hence reservoir quality is likely to be excel-
lent. e Slightly argillaceous, fine-grained and well-sorted sandstone 
of Maui-6 (2827 m). Detrital grains are mostly quartz with common 
feldspar (K-feldspar stained patchy yellow–brown) and fairly com-
mon labiles. Visible porosity is also fairly common (pores stained 
blue), yet these pores are variably well interconnected, with fewer, 
poorly connected pores in the labile-rich laminae. Reservoir qual-
ity is moderate. f Clean, coarse-grained and moderately well-sorted 
sandstone of Maui-6 (2856 m). Detrital grains are mostly quartz and 
appear fairly loosely packed. Visible porosity is abundant and com-
prises large and well-interconnected hybrid pores that are composed 
of both intergranular and grain dissolution components. Conse-
quently, reservoir quality is excellent

◂
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particular facies. So, this is where a controlled approach to 
horizontal variogram has led us to improve facies architec-
ture. For achieving our desired results, empirical sills and 
nugget values have been imposed in all the horizontal vari-
ograms of the interpreted facies.

Whereas performing the same algorithm (SIS) to a mod-
eled grid devoid of particular facies control, facies tend to 
be more discrete and are not in accordance with the depo-
sitional pattern of the region. Therefore, assigning facies 
controlled simulation has been a key to verify facies model 
more rationally and accurately for this study.

Implication of facies modeling to field development

The facies model has been tested with the available 
gas–water contact (GWC) of the Mangahewa Formation; 
hence, the model paves the way for particular facies propor-
tions above the GWC level of the Mangahewa Formation. 

Mangahewa Formation has a GWC of − 3100 m SSTVD. 
We have combined the GWC level with the facies model 
for accurately identifying potential producing facies asso-
ciations. Figure 27 explains the respective facies above the 
GWC level of the Mangahewa Formation.

We have concluded that facies those are genetically 
cleaner, low gamma response, porous and permeable are 
above the GWC (Fig. 27) of the Mangahewa Formation. 
Specifically, shoreface sand facies and estuarine facies are 
potential producing sands from this Mangahewa Formation. 
Wells that are already drilled also match with the incorpora-
tion of the GWC within the facies model. Maui-3, Maui-5 
and Maui-6 that were drilled in the central region of the 
field show a combination of estuarine, shoreface to barrier 
sands with occasional tidal sand-dominated channel fills. 
These facies are relatively cleaner and porous, permeable 
compared to other facies in the model. Reservoir pressures 
within this region also show higher pressure regime (> 4000 

Fig. 23   Thickness distribution of geobodies within the Mangahewa model. The colors are distributed according to the occurrence of the facies
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psia) with no water production to date. Wells [i.e., Maui-7, 
Maui-V (3) and Maui-Z (11)] that are drilled on the south-
western margin of the field mark the margin of the GWC 
for the Mangahewa Formation. These wells have relatively 
lower pressure regimes (~ 3700 psia) and facies associations 
of shelfal mudstone and barrier bar sands.

Therefore, based on the study, potential drilling regions 
have been identified (Fig. 28) in the southern part that still 
have higher-quality reservoir facies associations (sand flat 
to deltaic sand-dominated mouth bar). And also in the east-
central part having mixed flat to estuarine sand facies in 
conjunction with local pressure regime and structure uncer-
tainty of the formation (Haque et al. 2016). The available 
information and GWC observations from Fig.  27 have 

prompted us to conclude that southern region of the GWC 
boundary is more prolific compared to the central region 
in terms of potential production growth and that can be 
attained by drilling additional wells within the interpreted 
facies associations.

Conclusion

The results of the facies simulations have effectively under-
lined the need for careful synthesis of facies complexity and 
inter-facies variability while evaluating depositional envi-
ronments. The following conclusions are drawn based on the 
depo-facies modeling of the Mangahewa reservoir:

Fig. 24   Facies proportion analyzed in the “data analysis” process. 
Color legends as of Fig.  23. The proportion curve is dependent on 
facies variability, uncertainties of occurrence within the grid and 

three-dimensional geometry (major–minor directions with thickness 
ratios) used in the geobody model
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1.	 Eighteen (18) depo-facies were interpreted that are dis-
tributed over three broad paleoenvironmental conditions.

2.	 Marginal marine was interpreted to be the dominant 
depositional environment of the formation as a whole 
having about 64% of depo-facies, whereas shallow 
marine environment comprised about 29% and offshore 
comprises 7% of the depo-facies modeled within the 
Mangahewa Formation, Maui Gas Field.

3.	 Estuarine channel sands (26%), shoreface sands (22%) 
and tidal channel fills (21%) were the three major facies 
occurring with the modeled formation, whereas shelfal 
mudstone constitutes 7% of the total facies. Depo-facies 
modeling also showed that within marginal marine 
(MM) environment, tidal channel fill, point bar and 
mouth bar sands occupied 28% of all the interpreted 

nodes within the facies model, and tidal flats constituted 
10% of the facies within the Mangahewa reservoir.

4.	 Geobody model also visualized the transgression of the 
facies from older deeper to the younger shallower layers 
within the model. Tidal channel bodies and estuarine 
scouring were clearly evident in the model and situated 
in the southwestern region of the model, and lagoonal 
bodies and associated facies were observed mainly in 
the northeast section and offshore bars and reworked 
sand facies were positioned on the outskirts of the paleo-
shoreline.

5.	 Paleoshoreline was interpreted to have a broad northeast 
to southwest trend within the model along with their 
internal migration over time.

6.	 Facies model of the studied formation had the effective 
advantage of quantitative propagation of uncertainty via 

Fig. 25   The figure shows the paleoshoreline in the 3D depositional model of the Mangahewa Formation. The visualized zone (layer 71) in the 
figure is the youngest (37 Mya) facies within the Mangahewa reservoir
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the stochastic representation of the depo-facies identified 
and spatially distributed across the gas field. Therefore, 
SIS represented the depositional setup of the formation 
quite logically.

7.	 Southern region within the gas–water contact (GWC) 
boundary was more prolific for potential production 

growth compared to the central region and drilling addi-
tional wells within the region could be highly productive 
for future field development within the formation.

Fig. 26   Paleoshoreline reconstruction from the facies model of the 
Mangahewa Formation. Color legends as of Fig.  23. The Mid–Late 
Eocene facies model is older to younger from bottom to top. The 

depositional facies within the model demonstrates that marine facies 
progressively move toward the younger layers, therefore suggesting 
transgression within the facies model
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Fig. 27   Facies model incorporating gas–water contact of Mangahewa Formation. Blue layer depicts interpreted gas–water contact for the Man-
gahewa reservoir. Facies interpreted in the model are potential to produce above contact
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