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Abstract Carbonate spring deposits gained renewed interest as potential contributors to subsurface
reservoirs and as continental archives of environmental changes. In contrast to their fabrics, petrophysical
characteristics – and especially the importance of microporosity (< 1mm) – are less understood. This study
presents the combination of advanced petrophysical and imaging techniques to investigate the pore
network characteristics of three, common and widespread spring carbonate facies, as exposed in the
Pleistocene Cakmak quarry (Denizli, Turkey): the extended Pond, the dipping crystalline Proximal Slope
Facies and the draping Apron and Channel Facies deposits formed by encrustation of biological substrate.
Integrating mercury injection capillary pressure, bulk and diffusion Nuclear Magnetic Resonance (NMR),
NMR profiling and Brunauer–Emmett–Teller (BET) measurements with microscopy and micro-computer
tomography (m-CT), shows that NMR T2 distributions systematically display a single group of micro-sized
pore bodies, making up between 6 and 33% of the pore space (average NMR T2 cut-off value: 62 ms).
Micropore bodies are systematically located within cloudy crystal cores of granular and dendritic crystal tex-
tures in all facies. The investigated properties therefore do not reveal differences in micropore size or shape
with respect to more or less biology-associated facies. The pore network of the travertine facies is distinctive
in terms of (i) the percentage of microporosity, (ii) the connectivity of micropores with meso- to macropores,
and (ii) the degree of heterogeneity at micro- and macroscale. Results show that an approach involving
different NMR experiments provided the most complete view on the 3-D pore network especially when
microporosity and connectivity are of interest.

1. Introduction

This study investigates the combined use of techniques for the understanding and quantification of 3-D
pore network properties at different, linked scales in spring carbonates. These settings and their deposits
gained renewed interest as valuable continental archives of environmental changes and as certain facies
and fabrics are comparable to those found in potential subsurface carbonate reservoirs [Kano et al., 2003;
Brasier et al., 2010; Wright, 2012; Sharp et al., 2013; Della Porta, 2015; Ronchi and Cruciani, 2015].

Continental (hot) spring carbonates form where waters rich in Ca21 and carbonate components emerge at
the surface, cool down and degas while flowing downstream [Brasier, 2011; Capezzuoli et al., 2014]. Spring
systems therefore exhibit high rates of CaCO3 precipitation across steep physical and chemical gradients
along their outflow pathways [Pentecost, 2005; Veysey et al., 2008]. In addition, changes in (microbial) biodi-
versity and metabolic activity systematically track these downstream gradients [Fouke et al., 2003; Zhang
et al., 2004]. Several studies address in detail the wide range of depositional facies and fabrics typical of
these environments [Guo and Riding, 1998; Pentecost, 2005; Fouke, 2011; Okumura et al., 2012; Gandin and
Capezzuoli, 2014; Claes et al., 2015; Della Porta, 2015]. However, the petrophysical characteristics - and espe-
cially the presence, distribution and origin of microporosity - in these settings are less understood.

Spring carbonate deposits primarily form as a result of in-situ precipitation with a variety of primary, genetic
pore types (framework, interlayer, fenestral, interpeloidal, . . .), and pore sizes [Ahr et al., 2011; Claes et al., 2015].
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Travertine macroporosity, as visible in field
photographs, has been quantitatively
described by Akin [2009] to evaluate porosity
changes due to weathering. Soete et al. [2015]
report on Vp versus porosity paths that differ
from those previously defined for marine car-
bonates. They found that acoustic velocity
variations are linked to the dominant pore
types present in different travertine deposits
(macro- versus microporosity, cuboid versus
rod shaped pores). Recently, Ronchi and Cru-
ciani [2015] addressed for the first time the
porosity and pore structure in subhorizontal
tabular travertine bodies (Saturnia deposits,
Italy) using Scanning Electron Microsopy
(SEM), classical microsocopy, micro-computer
tomography (m-CT) and standard poroperm
techniques. While they focus on pores above
25 mm diameter, they highlight the problem
of heterogeneity in these deposits and sug-
gest the importance of microporosity in addi-
tion to large, centimeter-sized pores.

Microporosity, if connected, could indeed
drastically impact flow and solute transport
[Maliva et al., 2009; Volery et al., 2010]. A
recent study by Chafetz [2013] on hot spring

carbonates describes shrubs, peloids and oncoids [Chafetz and Folk, 1984; Chafetz and Guidry, 2003; Chafetz,
2013], interpreting them as microbial fabrics and the enclosed microporosity as a result of microbial organic
matter decay. The localized abundance of irregular shaped submicron- to micron sized pores in experimen-
tal precipitates with bacterial strains similarly let Bosak et al. [2004] suggest that microporosity could be a
biomarker for the former presence of microorganisms and microbial involvement in carbonate precipita-
tion. In summary, the presence of micropores in spring carbonate deposits seems ubiquitous, though
remain poorly characterized. Better insights on size, shape and distribution of microporosity in travertine
facies can contribute to our understanding of possible origins and potential impact on flow properties.

This study therefore aims (1) to investigate and quantify microporosity and its contribution within distinctive
travertine facies based on (high-resolution) microscopy, pore size measurements and bulk NMR (Nuclear Mag-
netic Resonance), and (2) to evaluate pore connectivity and heterogeneity at different scales combining NMR
profiling, NMR diffusion experiments and micro-computer tomographic (m-CT) imaging. Testing the combina-
tion of advanced petrophysical and imaging methods helps the development of an approach to characterize
the porous network in different continental spring carbonate facies. A number of core and plug samples are
selected, originating from a large Pleistocene carbonate terraced spring system exposed in the Cakmak quarry
of the Ballık area. The deposits are part of the well-known spring carbonate province in the Denizli Extensional
Basin (Turkey) [€Ozkul et al., 2013] (Figure 1). Comparable deposits were studied, from a geobody perspective,
in adjacent quarries by Claes et al. [2015]. The travertine deposits are composed of >94% calcite [€Ozkul et al.,
2013]. Active springs at Pamukkale are of the Ca-Mg-SO4-HCO3-type. They emerge at temperatures of 35 to
578C (pH: 6.0 to 7.4) and evolve downstream to temperatures of 208C [Pentecost et al., 1997; Kele et al., 2011;
€Ozkul et al., 2013]. Travertine carbon and oxygen isotopic values from the Ballık area [Kele et al., 2011; Claes
et al., 2015] differ slightly from those of the recent travertine. This has been interpreted as a primary difference
that reflects changes in spring fluid sources spatially or through time [€Ozkul et al., 2013]. Calculations of tem-
peratures of deposition from d18O values of ancient travertine suggest average temperatures between 26 and
358C [Claes et al., 2015] or 23 and 398 [€Ozkul et al., 2013]. The samples that are subject of this study reflect
three common spring environments and depositional facies in the Ballık Pleistocene travertine; namely; the
draping Apron and Channel, extended Pond and crystalline Proximal Slope Facies (Figure 2).

Figure 1. Location of the study area within the Denizli Basin (SW Turkey)
(map modified after Van Noten et al. [2013]).
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In this study, the term microporosity refers to pore sizes with diameters� 1.0 mm, which is a common, refer-
ence spatial dimension with respect to flow in reservoir rocks and the size of microbial cells [Madigan et al.,
2012]. Hassall et al. [2004] define mesopores as pores with diameters up to 5.0 mm and macropores with
sizes above and these cut-off values are applied here.

2. Sample Material

The travertine deposits in the Cakmak quarry are exposed along a roughly WNW-ESE-oriented vertical wall.
They reveal a single, smooth slope to terraced spring system, stepping down to the west-northwestern cor-
ner. A depositional model with detailed facies and fabric descriptions is presented by De Boever et al.
[subm.] and illustrated in Figure 2.

Sample material for this study comes from three of the facies observed in the Cakmak quarry, namely; the
extended Pond, the draping Apron and Channel Facies and the crystalline Proximal Slope Facies (Figure 2).
These three facies do not represent the full suite of 5 depositional facies recognized in the quarry, but they
are common in the studied outcrop, and are widespread and characteristic of other modern and ancient

Figure 2. Overview of the depositional facies and sampling locations in the central-western part of the Cakmak quarry exposure (modified after [De Boever et al., subm.]). The three facies
and key fabrics that are focus of this study are illustrated below. (left) Alternating granular and crust laminae in extended Pond Facies. Lower image is a frontal image of a core. (middle)
Filamentous streamers form bundles that are finely laminated in thin section. (right) Predominance of the whitish, dendritic crust fabric in dipping laminae of the crystalline Proximal
Slope Facies. G5granular fabric, C5 crust fabric.
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travertine deposits around the world [Guo and
Riding, 1998; Chafetz and Guidry, 2003; Pentecost,
2005; Fouke, 2011; Gandin and Capezzuoli, 2014;
Della Porta, 2015].

The extended Pond Facies can be traced over a dis-
tance of tens of meters and is exposed at the bot-
tom of the currently excavated quarry levels (Figure
2). Granular and crust macrofabrics alternate in very
thin to medium sized, subhorizontal to undulating
beds. The granular macrofabric consists of 0.1–
1.5 mm diameter granules that form irregular, very
thin laminae and up to 1 decimeter thick beds [Guo
and Riding, 1998. The granular fabric consists of
micritic to equant calcite crystals with dark, micro-
porous crystal cores. They form amalgamated cal-
cite crystal clusters with an irregular outline, or they
build compact, radial dendritic structures. The crust
macrofabric is composed of stacked layers of white,
elongated (dendritic) crystals (Figure 2). The Apron

and Channel Facies in the Cakmak deposits consists of filamentous streamer deposits that form decimetre-
sized bundles. They result from the encrustation of a biological substrate, probably grasses [Claes et al.,
2015]. They typically occur as features that hang down over and cover the crest of the Proximal Slope
deposits. The crystalline Proximal Slope Facies is mostly composed of dense, low to strongly inclined den-
dritic crusts (Figure 2). They build smooth to terraced slopes of up to 10 meters high. Granular laminae
occur as well, but are of less importance.

Three respresentative core samples were taken from the vertical quarry walls with a Stihl Model MS261
hand-held drill and a steel carbide core bit (10 cm diameter in width by 15–30 cm in length), in addition to
two hand samples. The cores were further plugged two times vertically and two times horizontally in the
lab as illustrated in Figure 3. Table 1 gives an overview of the selected sample set.

3. Methods

3.1. Microscopy
Conventional transmitted light and fluorescence microscopy of thin sections, using a Leica DM LP optical
microscope, allowed examining the microscopic fabric (microfabric) and pore space in 2-D, at a micrometer
resolution. Thin sections were impregnated with a resin, stained with a fluorescent dye (emitting at ca.
550 nm when excited at ca. 365 nm) to facilitate porosity observations. A scanning electron microscope

Figure 3. Orientation of cores and plugs.

Table 1. Petrographical and Petrophysical Characteristics of the Studied Materiala

Facies Fabrics Pore Type Sample U (%) Kg (mD) NMR U(%)
BET Surface
(Kr, m2/g)

Extended Pond Granular
and crust

Intra- and intercrystalline,
framework

plug h 9.8; 12.1 112; 184 7.17

plug v 11.8; 13.8 743; 493 5.15 0.0629
Crystalline

Proximal
Crust (and

granular)
Intra- and intercrystalline,

framework
plug h 12.0; 12.5 295; 207 29.11

Slope plug v 14.7; 14.6 249; 76.9 11.05 0.0300
Draping

Apron-Channel
Streamer Intraparticular,

framework
plug h 13.5 28.5 1.83

plug v 15.2 298 30.51 (vug) 0.0895
hand sample 21.3; 19.7 499; 1295

aNMR-derived porosity estimates are based on the Halbach measurements. H5 horizontal, v5 vertical plug. For two plugs of field
cores from the draping Apron and Channel Facies no porosity and permeability value could be obtained due to the presence of vugs at
the side of the plug. Two additional measurements were therefore conducted on vertical plugs from two hand sample.
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(SEM) FEI XL30 Sirion FEG, equipped with secondary electron (SE), backscatter electron (BSE) and energy dis-
persive detectors is used for higher-resolution observations of (micro)porosity.

3.2. Porosity (U), Permeability (K) and Mercury Injection Capillary Pressure (MICP) Measurements
Helium porosity and specific gas permeability measurements were carried out at PANterra Geoconsultants
(the Netherlands) on cleaned and dried, 1 or 1.5 inch (2.5 or 3.8 cm) diameter plugs (Figure 3).

Mercury injection capillary pressure (MICP) experiments with an Autopure IV instrument (Micromeritics) are
used to obtain a measure of the pore (throat) size distribution and are compared to pore size distributions
obtained by NMR.

3.3. Nuclear Magnetic Resonance (NMR)
Two miniplugs (7 mm diameter) of each sample, one horizontal and one vertical (Figure 3), were used for
NMR measurements. The miniplugs were saturated with de-ionized water for 12 h and sealed with water
resistant parafilm prior to analysis.
3.3.1. Approach
Stray-field NMR can be employed to non-destructively characterize pore size distributions of porous materi-
als [Zinszner and Pellerin, 2007]. NMR relies on the magnetic properties of atomic nuclei in NMR active iso-
topes such as 1H in water. Atomic nuclei can be assimilated to magnetic dipoles that precess around a
certain axis. For an extensive outline of the principles of NMR we here refer to Casanova et al. [2011] and
Zinszner and Pellerin [2007].

The signal decay of transverse magnetization of a multi component material with i numbers of components
can be ascribed as a sum of exponentials (equation (1)) [Casanova et al., 2011]:

M tð Þ5
Xi

1

A0i exp 2t
�
T2i

� �
(1)

with: A0i: number of spins with a characteristic relaxation time T2i (ms).

Such signal decays can be converted to distributions of relaxation times by an inverse Laplace transforma-
tion. The area under the curve between two specific relaxation time values is an estimate of the proportion
of pore space with respect to those relaxation times [Casanova et al., 2011]:

1=T2i5 1=T2B1q2 � S=V1 1=12ð Þ ðtE � c � GÞ2 � D (2)

With: T2B: bulk relaxation time of the saturated fluid (ms); q2: surface relaxivity (mm/s); S: specific surface of
pore (m2); V: pore volume (m3); D: molecular self-diffusion coefficient; c: gyromagnetic ratio of the investi-
gated nucleus; G: magnetic field gradient; tE: echo time of the CPMG sequence (Carr-Purcell-Meiboom-Gill)
[Carr and Purcell, 1954; Meiboom and Gill, 1958].

When assuming that the average surface relaxivity per pore is nearly constant, the relaxation distribution
corresponds to a distribution curve of the parameter V/S, reflecting a shape factor and pore surface rugosity.
In water-saturated rocks, T2 distributions are thus qualitatively related to pore-size distributions. The inter-
pretations assume that only a very small quantity of ferrous/paramagnetic ions are present and that they
are homogeneously distributed among the pore surfaces.

The calculation of the NMR pore size distribution assumes that molecules coming into contact with the
pore surface by diffusion in one compartment are not mixed with molecules of other compartments or do
not diffuse themselves to other compartments [Fleury et al., 2007; Fleury and Soualem, 2009]. This effect is
known as diffusional pore coupling and the overall effect is a shifting and merging of T2 modes. It provides
however a way to qualitatively describe the degree of connectivity or coupling between small (micro) and
large (macro) pores.

The molecular self-diffusion can also be studied with stray-field NMR sensors such as the NMR-MOUSEVR ,
profiting from their static magnetic field gradient, which is present in the sensitive volume [Rata et al.,
2006]. With a pulse sequence called stimulated-echo sequence, the molecular self-diffusion coefficient of
water can be probed. For bulk water at 208C, it has a value of 2.03 3 1029m2s21 and is reduced for water as
present in porous systems due to restriction of the diffusion pathways by the pore walls. The sequence is
divided into two parts, the encoding/mixing period, where three 908 pulses define two time sets d and D,
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whit d the encoding time that is incremented during the experiment, followed by a CPMG detection period.
The self-diffusion coefficient is calculated from the slope of a linear fit of equation (3):

ln s dð Þ=s 0ð Þð Þ52c2G2d2 D12
�
3d

� �
D22d

�
T2
2D

�
T2

(3)

With: c: gyromagnetic ratio of the investigated nucleus; G: magnetic field gradient, D: molecular self-
diffusion coefficient. The parameters are chosen in such a way that d is � T2 and D is � T1, allowing to
neglect the two last terms of equation (3).
3.3.3. Instruments
The NMR measurements were conducted on two different low-field NMR sensors at the Institut f€ur Techni-
sche und Makromolekulare Chemie - RWTH Aachen (Germany) that can be distinguished by their general
magnet design [Halbach, 1980; Bl€umich et al., 1998, 2014; Casanova et al., 2011] (Figure 4).

A Halbach magnet for cylindrical samples was used for relaxation experiments at 21MHz. The probe was
operated with a Maran Ultra Spectrometer (Oxford Instruments). The radiofrequency (rf) coil is positioned in
the center of the magnet and the magnetic field points into the y-direction This design leads to high homo-
geneity within the sensitive volume, which reduces the magnetic field gradient significantly, so that it can
be neglected in equation (2).

The second sensor is a single-sided Profile NMR-MOUSEVR [Bl€umich et al., 1998] operated at 17 MHz with a
KEA spectrometer (Magritek). It is employed for relaxation, diffusion and profile experiments. The NMR-
MOUSEVR is an open system and detects the NMR signal from a sensitive slice located in a certain distance
to the magnet and coil surface (Figure 4b). The sensitive volume can be shifted non-destructively through
the sample with a motor lift and NMR signals can be measured at different positions within the sample
volume. The supporting information provides details on the comparison of the Halbach and Mouse
measurements.

3.4. Kr-BET
Specific surface areas were determined from krypton gas adsorption at 77.3K (liquid N2 bath), by means of
the static-volumetric method, using a Quantachrome Autosorb-1 device equipped with an extra, low range
(0–1.3 Pa) pressure transducer. The measurements were done on miniplug samples (mass: 1.5–5 g). One
miniplug for each facies was measured and identical material was used as for NMR measurements to avoid
heterogeneity effects when integrating the results. The miniplugs were dried and outgassed under vacuum
at 1308C, until the pressure increase in the cell was less than 1.3 Pa/min. Adsorption was measured at 17 rel-
ative pressure steps between 0.01 and 0.4. A krypton saturation pressure (P0) of 0.351 KPa was used for
each relative pressure point. Sorbate-sorbent equilibrium was assumed when the relative pressure was con-
stant for 4 min at a tolerance of 0.012. The multipoint BET-method was applied to deduce the isotherm
data. The relative pressure range for the BET regression was determined from Rouqeurol-plots [Rouquerol
et al., 2013]. A cross-sectional area for the krypton molecule of 0.205 nm2 was used. Repeated

Figure 4. (a) Principle of the Halbach magnet design according to Casanova et al. [2011]. The sample is measured inside the magnet
system. (b) Principle of the NMR-MOUSEV

R

according to Bl€umich et al. [1998] and Casanova et al. [2011]. The signal is detected from a
position outside the magnet assembly.
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measurements on standard materials demonstrated that the accuracy and precision of the method is better
than 2% (2 stdev.)

The krypton BET specific surfaces were used to approximate the NMR surface relaxivity q2 according to
equation (4), using the Halbach measurements [Hossain et al., 2011; Vincent et al., 2011]:

1
�
T2mS

ffi q2 � ST
�
VT

(4)

With: T2mS: average relaxation time of the T2 distribution (ms); ST: total pore surface as determined by
BET (m2) and assuming that the surface explored by NMR and BET is the same; VT: total pore volume (m3),
determined based on the miniplug weight, sample density and the plug porosity.

Obtaining an approximation for the surface relaxivity then permits to translate the T2 modal distributions
into volume to surface (V/S) ratios of compartments of the porous media, which is a measure of pore body
diameter sizes.

3.5. 3-D Imaging With Micro-Computerized Tomography
3.5.1. l-CT Setup and Image Reconstruction
3-D imaging with computerized tomography focused on miniplugs (diameter of 7mm). Projections are
acquired using a Nanotom high-resolution X-ray m-CT system from PHOENIX X-Ray (rotation: 3608 in 0.28
steps). Samples were scanned at 4 mm resolution for full plug width images (80 kV tube voltage, 200 mA cur-
rent) and at 2 mm pixel resolution for a Region of Interest (ROI) scan (90 kV tube voltage, 170 mA current).
The Hamamatsu flat detector is made up of a 2300 3 2300 pixels grid. Averaging was set at 3 and detector
shifting was allowed to reduce possible ring artefacts. Reconstruction of volumetric data uses a cone beam
Feldkamp algorithm. The beam hardening effect is reduced by inserting a 0.1 mm Cu-filter during acquisi-
tion and a mathematical correction during the reconstruction process.
3.5.2. Image Analysis Workflow and Representative Elementary Volume (REV)
The image analysis workflow consists of (1) visualizing, segmenting (dual thresholding) and quantifying
the resolved pore space (total porosity), (2) calculating the Representative Elementary Volume (REV) for
porosity, and (3) labeling and visualizing all individual, separate pore volumes [De Boever et al., 2012].
Image treatment is carried out, using the Avizo Fire software package (Version 7.0, VSG, France) and
Matlab.

The segmented, binary image slices of each scan are used to calculate the REV for porosity using a geostat-
istical approach. The REV allows evaluating whether porosity quantifications are representative for the vol-
ume and plug scale studied. It invokes the calculation of the semivariogram for the parameter porosity in
multiple directions. The semivariogram sill value represents the plateau value of porosity attained. The
range or length of correlation is the distance at which the sill value is reached in that direction. Semivario-
grams along multiple directions are combined to create a 3-D semivariogram surface that shows porosity
heterogeneity and directions of porosity REV minima and maxima.

4. Results

4.1. Microscopic Fabric and Porosity
The well-laminated, extended Pond Facies (Figure 2) is characterized by stacked laminae of granular and
crust fabrics. The granular fabric is composed of clustered micritic to equant calcite crystals with turbid crys-
tal cores. Porosity between these crystal clusters can be classified as intercrystalline porosity (in the sense of
Choquette and Pray [1970]) and has diameters above 20 mm (Figure 5a). SEM reveals additional intracrystal-
line porosity within the turbid crystal cores. This porosity is distributed randomly or aligned parallel to the
crystal outline (Figure 5b). Similar inter- and intracrystalline porosity types occur between and within the
feather crystals that build dendritic crusts (Figures 5c–5e). Intracrystalline porosity in dendritic structures
can furthermore show fine alignments that can be traced over different crystals and remind of ‘‘growth
bands’’ perpendicular to the crystal length axis (Figure 5d). Dendritic crusts that are prevalent in the crystal-
line Proximal Slope Facies have a comparable macro- and microfabric, but the crusts are denser, granular
fabrics are less common and feather crystals might be asymmetric and curved.

The draping Apron and Channel Facies at Cakmak is mostly composed of the streamer fabric (in the sense
of Fouke [2011]). The streamers consist of hollow tubes, 50–75 mm in diameter, with a micritic rim,

7



Figure 5. Microscopy of the studied fabrics. (a) Transmitted light image of a granular fabric in an extended Pond Facies sample. (b) BSE
image of a granular fabric showing intra- and intercrystalline porosity. (c) Dendritic carbonate crystals in a crust fabric. The turbid crystal
cores are surrounded by circumgranular, transparent calcite. (d) SE image of dendritic crystals in a crust fabric. Inset shows the intracrystal-
line porosity in the crystal cores. (e) Fluorescence image of a thin section, impregnated with a green fluorescing epoxy to highlight the
porosity distribution. Within the dendrite crystals, fine laminae of variable intra-crystalline porosity are visible (white arrows). (f) Overview
image of the streamer fabric along a section perpendicular to the streamer’s length axes (transmitted light). (g) Same images as Figure 5f
under fluorescent light with a green fluorescing epoxy that highlights the intercrystalline porosity and suggests intracrystalline porosity in
the turbid crystal centres. (h) SE image of the rhombic CaCO3 crystals that surround the intraparticular porosity of the streamers.
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surrounded by compact, equant to very short dendrites (Figures 5f and 5g). Framework porosity between
streamer ‘‘strings’’ and ‘‘intra-string’’ porosity (intraparticular (in the sense of Choquette and Pray [1970])) is
incompletely filled with transparent calcite crystals. SEM reveals fine, intracrystalline porosity within the tur-
bid, crystal cores (Figures 5b and 5h).

All facies furthermore display large intercrystalline porosity (Figures 5a and 5f) that results from the growth
and packing of granular, dendritic or streamer components and as such can be refered to as ‘‘growth frame-
work’’ porosity. Partly cemented, vuggy porosity is more rare, but was observed in one draping Apron and
Channel Facies sample.

4.2. 3-D meso- to Macroporosity Characterization
Reconstructed pore volumes, based on m-CT, allow visualizing the 3-D porosity distribution and comparing
pore shapes in different rock samples. The maximum resolution is 2mm and implies that all porosity visual-
ized concerns meso- to macropores.

Following pore segmentation, the total porosity in the studied 3-D volume is determined. In agreement
with He-porosity values, the highest porosity percentages were encountered in the draping Apron and
Channel Facies samples. However, the m-CT-based quantifications systematically underestimate He-porosity
values, suggesting an important part of the pores have sizes below the 2 to 4 mm3 voxel resolution. This dif-
ference is highest for the extended Pond Facies samples.

The porosity REV for each of the samples is given in Table 2. The 3-D image volumes used in the calculations
all exceed the sample REV at the respective resolution. At 4 mm resolution, the studied volume encloses dif-
ferent laminae. ROI scans at 2 mm resolution encompass one, single or two laminae. The REV is similar to
slightly larger for 4 mm scans, compared to the scans at a resolution of 2 mm. The semivariogram ranges
along the principal axes, x, y and z, differ (Table 2). It indicates that meso- to macroporosity is heteroge-
neously distributed for all samples.

The sample heterogeneity becomes even clearer when visualizing the 3-D surface of the variogram range
(Figures 6a, 6c, and 6e). The orientation of the REV-limiting direction can be compared with 3-D images of
the labeled pore space (Figures 6b, 6d, and 6f). The pronounced heterogeneity in draping Apron and Chan-
nel Facies samples is controlled by the aligned, interparticular streamer porosity (Figures 6a and 6b). The
longest axis of the REV ellipsoids for extended Pond and crystalline Proximal Slope Facies samples lay
approximately within or close to the plane of stratification, at high angle with the alternation of granular
and/or crust laminae (Figures 6c–6f).

The labeled pore space, in which each individual pore body receives a separate colour (Figures 6b, 6d,
and 6f) also provides a fast way to evaluate connectivity at the meso- to macroscale. In all samples the
largest pore body makes up about 50% of the total pore space. 3-D visualization shows a preferential ori-
entation and alignment of the pores in the draping Apron and Channel samples corresponding to the
porosity between streamer bundles. This porosity is well-connected at the miniplug scale (Figure 6b). In

Table 2. m-CT Data for Each of the Miniplugs and Scansa

Resolution
(mm)

Volume
(mm3)

Porosity
%

REV

r1 x (mm) r1 y (mm) r1 z (mm)

Pond h 4.00 208.74 6.50 182.4 218.0 155.6
1.80 26.14 4.99 210.5 140.5 153.6

Pond v 4.00 208.98 10.37 217.9 225.3 241.3
1.90 28.52 4.49 152.1 144.2 170.6

Proximal Slope h 4.00 210.13 11.70 127.4 74.8 72.4
1.80 27.08 7.60 75.8 110.0 96.6

Proximal Slope v 4.00 311.54 14.80 70.4 62.3 113.2
1.80 24.10 13.27 41.1 96.74 79.1

Apron-Channel h 4.00 206.90 14.54 197.5 213.0 237.0
2.03 38.63 14.94 183.0 208.6 253.5

Apron-Channel v 3.75 206.74 12.80 219.9 217.9 290.0
2.00 36.43 15.14 209.1 158.8 194.4

aVolume refers to volume analyzed. REV5 Representative Elementary Volume. r1: range 1of the semivariogram in direction x, y, z.
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extended Pond and crystalline Proximal Slope Facies samples, connectivity between laminae is assured
by pores between feather crystals, dendrite structures and larger, framework and vuggy pores. (Figures
6d and 6f).

4.3. Pore Network From
Petrophysical Measurements
4.3.1. Porosity-Permeability
Properties
For each field core, two horizontal and
vertical poroperm values were deter-
mined. As stratification is often at an
angle with respect to the plug axes,
no straightforward relation between
horizontal/vertical permeability and
laminae-orientation is apparent. Fur-
thermore, the spread within a single
facies is large (Figure 7). This is in agree-
ment with previous findings [Soete
et al., 2015]. The draping Apron and
Channel Facies samples seem to have
the highest values, whereas the extend-
ed Pond Facies samples with granular
and dendritic crust fabrics tend to have
lower values (Figure 7 and Table 1).

Figure 6. For each facies: 3-D porosity REV visualized by the surface of the semivariogram ranges and distribution of connected pore space. Each individual pore (not connected to
others) is visualized by a separate colour. All scans at 4 mm resolution of 7 mm miniplugs, visualizing meso- and macropores. Height of the volumes shown, is 4 mm (z axis). (a, b) draping
Apron and Channel Facies sample. Red pore is percolating. Porosity heterogeneity related to aligned streamer bundles is clearly visible. (c, d) Extended Pond Facies sample. REV length
axis parallels the lamination. Yellow pore to the left is percolating, but numerous smaller, unconnected pores are present. (e, f) Crystalline Proximal Slope Facies sample. REV length axis
parallels the lamination, at a high angle with the horizontal plane. The large blue-coloured pore space assures connectivity on the plug scale. It corresponds to intercrystalline porosity
between feather crystals and framework porosity between dendrite bundles.

Figure 7. Porosity/permeability cross-plot for the Cakmak samples. H5horizontal
plug, v5 vertical plug, sv5 hand sample vertical plug. White triangles: data after
Soete [2016].
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The data indicate that a single porosity-permeability correlation for the travertine deposits can not be deter-
mined though roughly a positive correlation might be visible. This underlines the necessity to look into the
actual 3-D pore network to understand the travertine petrophysical properties.
4.3.2. Pore Size Distributions
4.3.2.1. Extended Pond and Crystalline Proximal Slope Facies
Both the extended Pond and crystalline Proximal Slope Facies consist of a combination of granular and den-
dritic crust fabrics. The Pond samples show a bimodal NMR T2 distribution with a main mode (1) between
35 and 40 ms and a subordinate mode (2) at 1 ms. It shows a poor bimodal pore throat size distribution,
derived from MICP (Figure 8). The main MICP mode indicates pore (throat) sizes between 40 and 90 mm. A
second and less prominent mode can be seen for pores with pore (throat) sizes of 0.5 to 0.7 mm in diameter.
The Proximal Slope samples show a similar bimodal T2 distribution. In comparison to the Pond samples, the
main T2 distribution mode 1 at 35 to 40 ms is much more dominant and communication with the secondary
mode, with a maximum between 0.5 and 0.9 ms, is poor. The pore throat size distribution is unimodal to
poorly bimodal. Again, mode 1 (15 to 25 mm) seems largely predominant over a very small mode 2 (around
0.3 mm) (Figure 8).
4.3.2.2. Draping Apron and Channel Facies
The streamer fabric shows consistent NMR and MICP responses (Figure 8). The NMR responses show a
mode 1 at 31 to 39 ms and some variability in terms of the position of the smaller mode 2 (0.4 to 1 ms).
Communication between mode 2 and mode 1 pore bodies is often poor, with exception of one of the verti-
cal plugs. This plug contains vuggy porosity and possibly a dissolution phase ensured better pore body

Figure 8. Petrophysical characteristics of miniplugs from the different Facies. h/v5horizontal/vertical miniplugs. l5miniplug lying on
MOUSEV

R

instrument, s5miniplug standing vertically up on MOUSEV
R

instrument. PSD5Pore Size Distribution. a.u.5arbitrary unit.
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communication. The analyzed samples show
a pronounced bimodal pore throat size dis-
tribution with a main mode 1 at 20 to 60 mm
and a wide, smaller mode 2 with maxima
for pore throat diameters between 0.07 and
1.7 mm.
4.3.3. Integration NMR and BET-Derived
Specific Surface Area
In contrast to the MICP modal distributions,
the dimensions of the pore media corre-
sponding to the T2 distribution modes in the
NMR Halbach curves are not known. Based
on independent BET measurements on the
same miniplugs, Halbach responses can be
converted into a distribution in terms of V/S
(in mm) or pore body size (see equation (4))
and can be compared to MICP derived pore
(throat) sizes (Figure 9). The results show
that a pore body diameter of 1mm, the upper
boundary of microporosity, corresponds to

variable decay times, depending on the exact BET specific surface and the shape of the decay curve, name-
ly; 57 ms for a crystalline Proximal Slope plug, 20 ms for a draping Apron and Channel Facies sample and
108 ms for the extended Pond Facies. This results in an average decay time of around 62 ms. It becomes
also clear that, similarly to the MICP modal distributions, the subordinate, mode 2 in the NMR T2 distribu-
tions can be linked to the presence of micropore bodies and the main mode 1 chiefly reflects macropores.
4.3.4. NMR Profiles and Self-Diffusion Experiments
Three miniplugs, one of each facies, were examined in more detail for their T2 distribution along a depth
profile using the NMR-MOUSEVR (Figure 10). NMR profiling of watersaturated miniplugs can permit to gain
more information on the sample heterogeneity in terms of (micro)pore structure.

The extended Pond Facies sample could be profiled over a total distance of 4 mm and shows a consistent
bimodal distribution with changes in the relative importance of mode 1 (10–100 ms) versus mode 2 (� 1
ms). These alternations occur over spatial distances of <0.5 and 1 mm. The crystalline Proximal Slope sam-
ple was only logged over 1 mm depth. The results show a very consistent bimodal distribution with a high,
dominant mode 1 and a small mode 2, very consistent with the Halbach measurements. The streamer fabric
of the draping Apron and Channel Facies sample was equally logged over 1 mm depth and shows a chiefly
unimodal distribution and a gradual transition to a bimodal distribution at one end. It suggests that hetero-
geneity along the vertical miniplug axis is less pronounced and/or in the range of 1 mm or larger.

The self-diffusion coefficients of three miniplugs were studied with respect to the alignment of the mini-
plug to the y-direction of the magnetic field gradient (Figure 11). Therefore, each miniplug was mea-
sured in standing and lying position on the rf-coil, thus automatically probing anisotropy of self-
diffusion. The molecular self-diffusion coefficients are a measure for molecular mobility, in this case, in
the rock pore space. It is mainly influenced by Brownian motion and reflects effects such as surface relax-
ivity, pore size and shape. The miniplug from the crystalline Proximal Slope shows the highest self-
diffusion coefficients, reflecting the relative importance of larger pore radii. The extended Pond sample
has the highest anisotropy in self-diffusion, reflected in highly different values for the ‘‘standing’’ and
‘‘lying’’ diffusion experiment. The results of the draping Apron and Channel miniplugs do not document
important anisotropy.

5. Discussion

The poro-perm characteristics of travertine deposits indicate the need to incorporate information on the
pore size distribution, micro- to macropore connectivity and heterogeneity to describe the pore structure
and eventually differentiate rock-types.

Figure 9. NMR T2 distribution (Halbach) converted to V/S or ‘‘pore body
diameter’’ distribution using BET specific surface area measurements to
compute rho (q2).
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5.1. Microporosity
The Halbach T2 modal distributions have been
translated into pore body size distributions using
the BET-derived specific surface area. This
allowed determining an average T2 cut-off value
for microporosity (1 mm) of 62 ms for the limited
number of continental spring carbonate samples
studied so far. Vincent et al. [2011] saw that with-
in a set of marine carbonate reservoir rocks,
microporous samples typically had a T2 mode
below 200 ms which corresponded, for their
samples, to pore body diameters of 2 mm. Our
results for continental spring carbonates thus
show a slightly lower cut-off, but values are
roughly in the same range.

Based on the T2 cut-off values and the total area
below the T2 distribution curve for each sample,
the relative contribution of microporosity to the
total porosity can be quantified. Table 3 summa-
rizes the results. Microporosity constitutes, in
average, about 20% of the total porosity in the
studied spring carbonate samples with variations
between 6 and 33%. The results suggest a highly
variable contribution of microporosity in the
extended Pond Facies samples. This is in agree-
ment with the strong heterogeneity seen in the
NMR T2 distribution along a depth profile of the
miniplug and could relate to rapidly changing
physico-chemical and possibly microbial-related
precipitation processes through time or in
micro-environments [Jones and Peng, 2012]. A
slightly lower microporosity percentage is found
for the crystalline Proximal Slope miniplugs and
a consistent percentage, around 22%, in the
draping Apron and Channel Facies miniplugs. In
general, the values in the studied travertine sam-
ples are high and approach ranges that are typi-
cally described for chalks [Maliva et al., 2009].
However, some caution is needed and the quan-
tifications should be regarded as an approxima-
tion and as maximum values. Several of the T2
modal distributions suggest communication
between pore bodies of different sizes. This may
result in diffusional pore coupling and shifts in
the T2 modes. Especially the larger T2 mode 1
may be shifted toward shorter relaxation times
[Fleury et al., 2007; Vincent et al., 2011]. The latter
will affect (enlarge) the area below the T2 curve
for a certain microporosity cut-off T2 value.

In terms of origin and distribution of the micro-
sized pores, SEM observations demonstrate that
they are mostly located within the core of calcite
crystals in all facies studied. This intracrystalline

Figure 10. NMR-MOUSEV
R

profiles at different heights of an extended
Pond, crystalline Proximal Slope and draping Apron and Channel
Facies miniplug showing heterogeneity in the NMR signal for the dif-
ferent samples (total height of 1–4mm).
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microporosity is furthermore found systematically within the centre of grouped calcite crystals in the granu-
lar fabric, in the centre of feather crystals in dendritic crusts and in the short, dendritic structures that sur-
round the streamer filaments giving them the typical turbid, dark appearance. The NMR and MICP modal
distributions indicate the presence of only one group of micropores, in terms of size. The investigated pet-
rographical and petrophysical results therefore do not show size or shape differences that differ for the dis-
tinct facies and do not provide a hint as to a potential origin of the micropores [see e.g., Bosak and
Newman, 2005; Bosak et al., 2004; Folk and Chafetz, 2000].

5.2. Pore Connectivity and Heterogeneity
Descriptions of genetic pore types, based on 2-D petrography have been previously used in the case of
marine carbonates as a start to re-group rocks into rock-types [Westphal et al., 2005; Vincent et al., 2011; Brig-
aud et al., 2014]. This approach does not fully work for the studied travertine rocks where intra-, intercrystal-
line and framework porosity are equally distributed in all three facies and fabrics.

It should be noted that a transparent calcite crystal rim precipitated around granular, streamer and dendritic
textures in all facies (Figures 5a, 5c, and 5f). It hence modifies and reduces the size of intercrystalline porosi-
ty, but does not block pore connectivity, even not between intracrystalline microporosity and intercrystal-
line meso- to macropores. The exact timing of precipitation of this crystal rims is difficult to determine as
early diagenetic phases in continental carbonates often result from the same or very similar fluids and pre-
cipitation takes place within the same depositional setting [Pentecost, 2005]. As such, these early precipi-
tates are considered integral part of the primary spring carbonate fabric. Their isotopic signature also differs

Figure 11. Molecular self-diffusion coefficients of water, measured with the NMR-MOUSEV
R

on vertically (v) and horizontally (h) taken
miniplugs.

Table 3. Approximation of Microporosity Contribution to the Total Porosity as Derived From the Area Under the T2 Distribution Curve
and a T2-Equivalent Cut-Off Value of 1 mma

Sample Total UHe% T2 mean (ms) ST (m
2) VT (m

3) q2 (mm/s) Umicro% Umacro%

Extended Pond_v 11.8; 13.8 378.89 2.65 e-1 2.04 e-7 2.03 6.0 94.0
Extended Pond_h 9.8; 12.1 87.48 8.79 32.9 67.1
Crystalline Proximal Slope_v 14.7; 14.6 347.29 1.19 e-1 2.29 e-7 5.54 16.6 83.4
Crystalline Proximal Slope_h 12.0; 12.5 160.72 11.96 21.4 78.6
Draping Apron-Channel_v 15.2 57.74 3.56 e-1 2.32 e-7 11.30 20.8 79.2
Draping Apron-Channel_h 13.5 245.10 2.66 23.2 76.8

aST5 total surface from Kr-BET measurements. VT5 total volume from water saturation measurements. q25 surface relaxivity.
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from those of secondary cements along later fractures or in centimetre- to decimetre-sized voids [El Desouky
et al., 2015].

The integration of NMR, MICP, BET and m-CT carries the potential to qualitatively evaluate the micro to mac-
ro pore connectivity and heterogeneity in different facies. The extended Pond and crystalline Proximal
Slope Facies are characterized by similar granular and crust fabrics, with the former fabric being more prom-
inent in the extended Pond Facies. On the one hand, NMR bulk and profile T2 distributions and NMR diffu-
sion experiments systematically indicate the predominance of larger, meso- to macropore bodies in the
crystalline Proximal Slope samples. These meso- to macropores seem poorly connected to any micropores
present. On the other hand, microporosity is relatively more important in the extended Pond Facies samples
and the connectivity between micro- and meso- to macroporosity is more consistent than observed for the
crystalline Proximal Slope samples. T2 modal distributions for the draping Apron and Channel Facies sam-
ples show that communication between micro- and meso- to macropores is variable.

At the meso- to macroscale, m-CT images show that all facies possess well-connected pore networks. Inter-
crystalline pores between feather crystals and framework porosity between crust laminae assure connectivity
parallel and perpendicular to the layering in the extended Pond and crystalline Proximal Slope plugs. In drap-
ing Apron and Channel Facies samples, a very well connected 3-D meso- to macroporosity network is con-
trolled by aligned pore bodies between streamers and streamer bundles.

Differences are seen, in terms of heterogeneity, when microporosity is taken into account (NMR) or not (m-
CT). For an extended Pond Facies sample, the submillimetre-scale alternations observed in NMR profiles
point, to small-scale layering within dendritic crust laminae. This can furthermore be observed using fluores-
cence microscopy, as shown in Figure 5e. This layering is finer and superposed on the alternation of granu-
lar and dendritic crust laminae at a scale of one to several millimetres (Figure 2). It points to the importance
of multiscale heterogeneity, linked to layering in many travertine facies. This heterogeneity also results in
the diffusion anisotropy in the extended Pond Facies sample. Higher values for the diffusion coefficient, D,
were measured along a plane parallel to the fabric laminae (Pond_h; standing in Figure 11). In the lying
position, diffusion is slower as micropores are dominant over meso- to macropores in the analyzed volume.
When only intercrystalline and framework meso- to macropores are taken into account, such as in m-CT
data, the porosity heterogeneity is less obvious., Though it is still present as documented by the slightly
ellipsoidal shape of the 3-D REV (Figure 6). In summary, preferential, layer parallel flow at field scale is most
likely, but these plug-scale observations show that cross-layer flow is clearly not hindered.

The Apron and Channel Facies samples show a slightly different pattern with more prominent heterogenei-
ty in the meso- and macroscale pore network based on l-CT data (Figure 6), and no indications for a super-
posed, smaller scale heterogeneity in microporosity distribution. The diffusion experiment results show
comparable molecular self-diffusion coefficients in different directions. The pore network is thus well con-
nected both in a direction parallel to the streamers as in directions at high angles to that. At the outcrop,
streamer bundles typically drape and fan out over the Proximal Slope deposits in different directions and
form an open, porous framework in plugs.

The crystalline Proximal Slope Facies samples seem to represent a case in between, with little heterogeneity
on the microporosity scale and somewhat higher heterogeneity at meso- to macroscale (3-D REV in Figure
6), compared to the extended Pond Facies. A single population of meso- to macroporosity is dominant in all
measurements, but porosity values often do not reach as high as those for Apron and Channel Facies
samples.

5.3. Toward Modeling and Permeability Estimates?
In addition to understanding the pore network and the role of microporosity, predictions of the flow prop-
erties of travertine rocks, based on NMR (wireline log) measurements, are of special interest in reservoir
studies. In siliclastic rocks, two empirical permeability equations, based on NMR T2 modal distributions, are
widely used; the Schlumberger-Doll Research (SDR) equation and the Timur-Coates equation [Freedman,
2006]. They provide estimates of brine permeabilities (KSDR) in water-saturated rocks. We here focus on the
SDR equation as it uses the T2LM (logarithmic mean of the T2 distribution), which is a measured parameter
that is directly influenced by the T2 modal distribution and sensitive to small changes in this distribution
[Westphal et al., 2005; Brigaud et al., 2014].
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KSDR5a � 1NMR=100ð Þ4 � T2LM2 (5)

Where uNMR5 total porosity as derived from T2i (in percentage); T2LM: logarithmic mean of the T2 distribu-
tion (ms); a: empirical proportionality constant (m2/ms2)

From an extensive study of reservoir carbonates with a variety of porosity values, Westphal et al. [2005] pro-
posed a set of values for the parameter aSDR in function of the dominant pore type. For secondary, intercrys-
talline pores, a value for aSDR of 1.59 is suggested. Carbonates dominated by vuggy porosity imply a
parameter aSDR of 0.0014, whereas for intra- and interparticle (primary) porosity, values of 0.04 and 0.55 are
proposed respectively. Using the air permeability values of the samples and the total porosity, the parame-
ter a can be approximated for the studied material (Table 4). Values range between 0.0001 and 0.3571.
They are, in average, lower than those found by Westphal et al. [2005] for marine carbonates. The lowest val-
ues were found for the Proximal Slope samples where larger framework pore bodies are relatively more
important (Figure 10). Where microporosity becomes more prevalent, the factor aSDR increases.

Permeability estimates based on NMR distributions, using the above values for a in the SDR equation,
should be seen as approximations due to (i) the bimodal pore size distributions and (ii) the variety of pore
shapes in travertine samples. Overestimation is to be expected, for similar reasons as for the microporosity
estimates. Diffusional pore coupling between micro- and meso- to macroporosity in some of the facies will
affect T2LM and as such kSDR. The estimate is furthermore based on miniplug measurements. Heterogeneity
on the centimetre- to decimetre-scale will affect permeability as well [Ronchi and Cruciani, 2015]. An appro-
priate upscaling approach is needed to incorporate NMR plug-based results into larger scale flow
simulations.

6. Conclusions

This study presented the combined use of advanced imaging and petrophysical techniques (NMR-MICP-
BET) to understand the 3-D pore network of continental spring carbonate deposits on a submicrometer to
centimetre scale, with a special focus on microporosity. The suite of travertine samples from the Pleistocene
Cakmak quarry (Turkey) reflect common and widespread facies and fabrics of carbonate spring deposits,
the extended Pond Facies, the dense and dipping crystalline Proximal Slope Facies and the draping Apron
and Channel Facies, formed by encrustation of a biological substrate. As such, the results could provide
some basic and first insights in the pore structure, origin and connectivity in spring carbonate facies at oth-
er settings worldwide. Porosity and permeability values of the studied material range between 9.8 and
21.3% and 112 and 1295 mD respectively.

The results can be summarized as follows:

1. Based on BET and NMR measurements, an average T2 cut-off value for microporosity of 62 ms (range:
24–110 ms) is proposed and microporosity percentages show a broad range between 6 and 33%. This
range could be related to the presence or absence of (sub)millimetre scale heterogeneity and laminae
within feather crystals that is detected in NMR measurements.

2. Microporosity is chiefly located within the cores of cloudy calcite in granular calcite crystal clusters and
in feather crystals of dendritic structures in all facies. The investigated petrographical and petrophysical
characteristics did not demonstrate differences in micropore size or shape for distinct facies.

3. All three facies show an uni- to bimodal MICP and bimodal NMR T2 distribution with a microporosity
mode (pore bodies below 1 mm diameter) and a meso- to macroporosity mode. The pore networks for
the different facies are distinct in terms of (i) the relative importance of microporosity, showing a wide
range and including the highest value in the extended Pond Facies samples, (ii) the connectivity of

Table 4. Calculation of the SDR Parameter aSDR Based on Air Permeability and NMR-Derived Porositya

T2 mean (ms) ST (m
2) VT (m

3) q2 (mm/s)

Extended Pond 378.89 0.26 1.88 e-7 2.03
Crystalline Proximal Slope 347.29 0.12 2.30 e-7 5.54
Draping Apron-Channel 245.10 0.36 2.32 e-7 11.29

aKg5 air permeability (mD).
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microporosity with meso- to macropores being highest in the extended Pond Facies plugs and lowest in
the crystalline Proximal Slope plugs, and (iii) the degree of heterogeneity, being most pronounced in the
extended Pond Facies samples on a micro- to macroscale, and in the draping Apron and Channel Facies
samples when only meso- to macropores are considered. The latter relate to the aligned streamer bun-
dles that characterize this facies.

4. The results allow approximating values for parameter a in the SDR equation for permeability estimation
based on NMR T2 modal distributions. Values for aSDR are in the order of 0.0001–0.3571.

To conclude, the results show that the combination of different NMR experiments in our approach provide
the most complete view on the pore structure of the spring carbonate samples, in addition to classical poro-
perm analyses. This is especially true when microporosity and millimeter-sized laminations are of particular
interest.
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