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Abstract
Time–depth relationships (TDR) are required for correlating geological information from drill sites with seismic reflection 
profiles. Conventional time–depth domain conversion is implemented using P-wave velocity data, derived from downhole 
sonic logs, calibrated with vertical seismic check-shots. During scientific ocean drilling expeditions, immediate seismic 
correlation is carried out using laboratory velocities measured on recovered core material. As these three velocity measure-
ments vary significantly in signal frequency, resolution and acoustic pathways, they carry potential for substantial TDR 
differences and consequent miscorrelation to seismic profiles. Our analytical work uses the comprehensive scientific ocean 
drilling dataset to quantify these differences in core-seismic integration. TDRs are calculated and compared at sites where 
check-shot, sonic log, and laboratory velocity measurements cover the same depth segments of the drill hole. We find that 
the maximum differences between the TDRs (TDR diffmax ) reach up to 55%, which can cause fundamental errors in the seis-
mic correlation. No direct relationship to porosity and bulk density of the cored material is observed. Instead, higher TDR 
variability is found at sites with carbonate content > 70%, particularly with coarser grain texture. Sites containing primarily 
igneous and siliciclastic sequences show less than 10% TDR diffmax . This semi-quantitative criterion indicates that downhole 
logging should be conducted during drilling expeditions, especially at sites with carbonate sequences, or low core recovery, 
to ensure accurate core-seismic integrations.

Keywords Time–depth relationship · Scientific ocean drilling · P-wave velocity measurement · Seismic check-shot · 
Downhole sonic log

Introduction

The correlation between drilling information in a depth 
domain (meters below seafloor) and stratigraphy imaged 
by seismic reflection profiles in a time domain (two-way 
travel time, TWT) is a crucial process during drilling expe-
ditions. It extends geological data beyond the borehole 
into a regional seismic grid, to provide accurate resource 
estimations, region-wide scientific interpretation and guid-
ance for ongoing drilling operations. For this conversion, 
Time–depth relationships (TDR) calculated from measured 
P-wave velocities are used.

Conventionally, P-wave velocities are derived from 
downhole sonic logs, and calibrated with vertical seismic 
profiling (VSP) data (Fig. 1). During scientific ocean drill-
ing expeditions, velocities are routinely measured on the 
recovered core material, using P-wave caliper (PWC) and 
Multi-Sensor Core Logger (MSCL) in onboard laboratories 
(e.g., Blum 1997; Fig. 1). However, the logistical demands 
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of conducting additional downhole measurements mean that 
about 90% of all drill sites lack the complementary sonic 
logs and check-shot surveys.

These methods to measure P-wave velocities differ in sig-
nal frequency, spatial resolution and source-receiver geome-
try, which can lead to significant differences in signal disper-
sion and recorded velocities of the signal travelling through 
a system. Differences in signal travel times between these 
methods and possible causes have been analyzed in detail by 
numerous previous studies [e.g., Harvey and Lovell (1998), 
sonic logs versus check-shots: e.g., Goetz et al. (1979), Stew-
art et al. (1984), Strick (1971), Thomas (1978), Ward and 
Hewitt (1977), laboratory versus sonic logs: e.g., Fulthorpe 
et al. (1989), Urmos and Wilkens (1993), and laboratory vs 
seismic: e.g., Carlson et al. (1986), Winkler (1986)].

During check-shot surveys/VSP, geophones are deployed 
in various depths of the borehole, recording average signal 
velocities from the source deployed at the sea level [e.g., 
Bartel et al. (2006), Lowrie (1997)], with frequencies of tens 
of Hz (Versatile Seismic Imager: 3–200 Hz, Schlumberger; 
Fig. 1). This source-receiver setup and frequency range are 
closest to those of seismic reflection data [e.g., Mutter and 
Balch (1988); Fig. 1]. The downhole sonic measurement 
[e.g., dipole sonic imager (DSI)] provides velocity data in 
higher spatial resolution detecting small-scale variances, as 
source and receiver are deployed closely within the bore-
hole (Fig. 1). However, the operating frequency of this sonic 
equipment is thousands of Hz and higher than the seismic 
source (Thomas 1978).

Velocities recorded by sonic logs are usually higher 
than VSP velocities, particularly with increasing borehole 
depth, due to stronger seismic dispersion of the VSP sig-
nals and formation of short-path multiples (Stewart et al. 
1984). It is therefore preferred to combine both VSP and 
DSI measurements which provides a precise and unequivo-
cal core-seismic-integration. However, as downhole logging 

demands temporal and logistic efforts that rely on favorable 
hole quality and environmental conditions, only two-thirds 
of all scientific ocean drill sites have DSI measurements and 
only 5% have additional VSP with good coverage for accu-
rate calibration.

P-wave caliper (PWC) and Multi-Sensor Core Logger 
(MSCL) in onboard laboratories (e.g., Blum 1997) pro-
vide velocity information with a short measuring interval 
(0.02–1 m) and TDR curves that are helpful in real-time 
coring and decision-making during ongoing expeditions. 
However, both instruments transmit ultrasonic pulses with 
high frequencies of kHz (MSCL–230 kHz, PWC–500 kHz; 
IODP; Fig. 1). Additionally, mechanical disturbance and 
loss of overburden pressure and changes in temperature 
after material recovery lead to generally lower laboratory 
velocities compared to velocities derived from seismic data 
(Blum 1997; Carlson et al. 1986). The resulting TDRs carry 
potential to overestimate the signal travel time for a certain 
corresponding depth.

During the past 60 years, many studies investigated geo-
acoustic properties and signal propagation through marine 
sediments and hard rocks [e.g., Biot (1956a,b), Hamil-
ton (1976), Stoll (1977), Hamilton (1980), Carlson et al. 
(1986), Fulthorpe et al. (1989), Stoll (1989), Ballard and Lee 
(2017)]. Calcareous materials have been discussed in detail, 
as their acoustic properties are significantly different to other 
materials. Carlson et al. (1986) calculated empirical curves 
to correct for the laboratory-seismic offset and decompac-
tion of the material, and observed a prominent misfit when 
applied on calcareous material. Fulthorpe et al. (1989) fol-
lowed up on the exceptionality of carbonates and explained 
their acoustic behavior with complex intra-particle porosi-
ties which are not influenced by material decompaction and, 
therefore, has to be corrected differently than other litholo-
gies. Consequently, Urmos and Wilkens (1993) defined a 
correction factor for laboratory and sonic log velocity of 
carbonates  (CaCO3 > 60%) by fitting an empirical exponen-
tial equation to the plot of velocity difference with depth.

Here, we test and extend the results from these previ-
ous comparative studies, by analyzing data from all three 
velocity measurements (PWC, DSI, VSP) and investigating 
relationships of TDR differences with cored lithologies and 
petrophysical properties. The lack of complementary down-
hole data during scientific drilling expeditions indicates the 
need to independently quantify the accuracy of laboratory 
versus in situ velocity measurements, and its effect on TDR 
variability for core-seismic (mis-)correlations. Determin-
ing the relationship between TDR differences with petro-
physical and lithological properties of the cored material, 
helps to predict the accuracy of TDRs for future drilling 
operations, and provides guidance to identify under which 
circumstances downhole, particularly VSP, measurements 
are highly required.

Fig. 1  Overview of velocity measurements included in this study and 
their differences in source-receiver geometry and approximate signal 
frequency ranges
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Data and methods

For this analysis, data from the comprehensive global sci-
entific ocean drilling database with 1016 drill sites is used 
(http://iodp.org/resou rces/acces s-data-and-sampl es, time 
range: 1986–2016). Only 29 sites (Fig. 2) show continuous 
coverage of all three velocity records (laboratory, sonic log 
and VSP) over the same depth segments in the borehole 
and are suitable for comparison. We analyze the onboard 
measured petrophysical data from these sites and quantify 
the differences in TDRs derived from the three velocity 
measurement methods. Among the laboratory measure-
ments, we use data from the PWC method instead of the 
MSCL records, because it is not limited by partially-filled 
liners. Furthermore, PWC can measure discrete samples 
of lithified units which provides a complete coverage of 
the entire borehole. The TDR differences are compared 
alongside related petrophysical properties of bulk density, 
porosity and overall lithology.

Check‑shot (VSP) correction

Check-shot or VSP stations record the average signal 
velocity from the seismic source at the mean sea level to 
the receiver in the borehole. In contrast, PWC and pro-
cessed DSI measurements are both referenced from the 

seafloor. Therefore, the check-shot data need to be cor-
rected for the travel time through the water column.

This adjustment is a crucial step, considering that 45% of 
the selected sites are in water depth < 1000 m in which water-
column velocities vary greatly with temperature and salin-
ity (Wilson 1998). However, in many cases, these variations 
are not accounted for, because direct water velocity profiling 
is not part of a normal VSP routine, and rarely conducted 
before either coring at a site or drilling a common production 
borehole. Instead, an average velocity of 1500 m/s is often 
assumed. For this study, water column sonic velocity is derived 
using the Del Grosso (1974) equation [detailed discussions 
by e.g., Dushaw et al. (1993), Pike and Beiboer (1993)]. The 
required data on sea surface temperature (Maturi et al. 2014) 
and salinity (NASA 2015, Aquarius project) were extracted for 
each drill site during the time of the check-shot survey. The 
calculated sonic velocities differ up to 60 m/s from the average 
velocity 1500 m/s.

Standard equation for calculating TDRs

The equivalent TWT Tin for a given borehole depth is calcu-
lated from the P-wave velocity Vpn and the TDR is defined as 
a cumulative value of Tin:

The incremental TWT Tin (in ms) is:

The cumulative TWT Tcn:

and adjusted to the seafloor TWT, Ta
0
:

The TDR curve is a plot of TWTadj (ms) against metres 
below the seafloor (mbsf).

Statistical analysis

For each site, we collate and compare the three TDRs. We (1) 
restrict the TDR comparison to only depth segments where 
data from all three methods overlap; and (2) compute the mean 
( � ), standard deviation (σ), coefficient of variation ( cv) , and 
percentage difference ( diff  ) between the overlapping segments 
of the TDR curves.

The coefficient of variation is a simple tool to quantify the 
extent of variability of the velocities with respect to the mean, 
calculated as the ratio of the standard deviation to the mean:

The relative percentage difference between two velocities 
V
1
 and V

2
 is calculated as:

(1)Tin =
(

depthn − depthn−1
)

∕Vpn−1 ∗ 2 ∗ 1000

(2)Tcn = Tcn−1 + Tin

(3)Tan = Tan−1 + Tcn

(4)cv = �∕�

(5)diff =
(

V
1
− V

2

)

∕(
(

V
1
+ V

2
)∕2

)

∗ 100Fig. 2  a Overview map (ETOPO-1; Amante and Eakins 2009) of 
all scientific ocean drill sites. Red squares denote sites used for this 
study, with their distribution in terms of b water, and c borehole depth

http://iodp.org/resources/access-data-and-samples
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For this study, TDR dissimilarity for each site is rep-
resented by the maximum percentage difference ( diffmax ) 
among all three velocity measurements.

To analyze the resulting TDR differences, porosity and 
bulk density data for each site are characterized in terms of 
mean (μ), standard deviation (σ), coefficient of variation ( cv) 
and coefficient of determination (R2) . The drilled material 
is also qualitatively divided into four classes based on the 
dominant lithology (Fig. 3). A more quantitative correlation 
between overall composition and TDR differences utilizes 
the average calcium carbonate content (wt%) data which has 
been extracted from the scientific drilling database (Fig. 4a). 
Additionally, we analyze the possible influence of the pre-
sent water depth and the maximum age of the sequence at 
each site (Fig. 5c).  

Results

Our results show a wide range of TDR variability with 
different velocity methods and drilled lithologies (Fig. 3). 
Among the three calculated TDRs for each site, the diffmax 
values range from 0.7% (Site 995B) up to 55.3% (Site 

1196A, Fig. 3b) and the cv values range from 0.006 to 0.352 
(Fig. 4a). The three sites with more than 30% difference 
between the calculated TDRs contain primarily carbonate 
sequences (> 70%; Fig. 4a). Six additional sites that consist 
of fine-grained carbonate and mixed-carbonate units show 
diffmax between 10% and 20%. The majority (69%) of the 29 
drill sites, including all sites dominated by siliciclastic and 
igneous sequences, have diffmax < 10%.

The influence of lithological composition on the vari-
ability of TDRs is quantitatively illustrated in the plot of 
carbonate content against diffmax and cv (Fig. 4a). As with 
the lithological discrimination, the relationship between 
the TDR metrics and carbonate content is not straightfor-
ward, but the sites are clearly contained within an envelope 
(Fig. 4a) that defines an increase in the scatter of diffmax with 
higher carbonate content. Seven sites with carbonate content 
higher than 70% have the largest diffmax range from 3 to 55%. 
Within this group, three sites (1129D, 1194B, 1196A) with 
the highest diffmax > 30% are coarse-grained skeletal bioclas-
tic pack-, grain- to floatstones (Feary et al. 2004; Isern et al. 
2002) dominated by particles with grain sizes above 30 µm 
(after Dunham (1962), Wright (1992); example: Fig. 4c). 
In contrast, drill sites 1265A, 1003D, 1131A and 1007C 

Fig. 3  A) Maximum percentage of TDR difference ( diffmax ) with 
dominant lithology of each site (labels, see legend). B) Representa-
tive sites showing TDRs derived from laboratory PWC (red line), 

downhole DSI (green line) and check-shot or VSP (white points). The 
corresponding velocity, density and porosity data from these repre-
sentative sites are presented in the supplementary information (Fig. 6)
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with diffmax < 20% consist of relatively fine-grained biogenic 
ooze/chalk, mud- and wackestones (Eberli 1997; Feary et al. 
2004; Zachos et al. 2004) containing primarily particles with 
grain size < 30 µm (example: Fig. 4b).

This influence of carbonate texture on TDR diffmax could 
be reflected in petrophysical properties such as porosity and 
bulk density. However, no direct correlation between TDR 
diffmax values against mean porosity and carbonate content 
(Fig. 5a), or the coefficient of variation of porosity and bulk 
density (Fig. 5b), is observed. Additionally, no clear TDR 
diffmax relationship to age and water depth can be detected 
(Fig. 5c). Carlson et al. (1986) discussed this non-correlation 
between age and velocity in detail, concluding that mechani-
cal and chemical processes occurring during sediment depo-
sition and compaction last a short geological time period 
and, therefore, is not reflected in the correlation between 
maximum age and velocity.

Discussion

Our study shows that the TDR functions derived from 
PWC, DSI and VSP velocity measurements can differ by 
up to 55%. This extreme variation is well-illustrated at site 
1196A (Fig. 3b). The total depth of 500 mbsf is equivalent 
to 250 ms (TWT) based on the PWC-derived TDR function, 
and 450 ms (TWT) from a VSP-calculated TDR function. 

As TDR curves often follow a quadratic trend, significant 
TWT differences tend to be amplified with depth and lead 
to larger mis-ties in core-log-seismic correlation. This is a 
substantial problem, especially in homogenous sequences 
that lack high-amplitude seismic reflections and lithologic 
markers to verify the correlation.

Consistent with previous studies, we observe a unique 
acoustic behavior of carbonates. Drill sites with > 70% car-
bonate exhibit the most variable TDR, compared to sites 
with mixed lithology, igneous or siliciclastic rocks. Our sep-
aration at  CaCO3 > 70% is close to the limit established by 
Urmos and Wilkens (1993). They defined a correction factor 
for laboratory-seismic velocity offsets for drilled material 
high in carbonate content (> 60%), which, however, over-
estimates in situ values for material with  CaCO3 < 60% and 
increased mixture with other minerals, particularly clays, 
which have lower P-wave velocities.

Additionally, we categorize the carbonate group into two 
subsets: more coherent TDR curves with diffmax < 25% are 
associated with fine-grained (< 30 µm) carbonate textures 
whereas coarser bioclastic deposits have strongly dissimi-
lar TDRs ( diffmax > 30%, Fig. 4). In contrast to siliciclastic 
sediments, carbonates form under complex biological and 
diagenetic processes leading to the formation of a wider 
range of grain shapes and internal structures (e.g., Moore 
and Wade 2013; Neto and Misságia 2012; Pedley and Caran-
nante 2006; Weill et al. 2013; Fig. 4b,c). This complex grain 

Fig. 4  a Carbonate content 
(wt %) with TDR difference 
( diffmax ) for each site (labels, 
see legend). Point size represent 
the coefficient of variation 
( cv ). Yellow and orange data 
points represent carbonate-rich 
sites, dominated by coarse 
(> 30 µm) and fine (< 30 µm) 
grains, respectively. The trend 
is illustrated by an exponential 
curve (solid red line) with the 
95% confidence interval (dashed 
lines). Two representative 
photomicrographs of carbonate-
rich lithologies are shown 
from: b Site 1337A dominated 
by fine-grained biogenic ooze 
(Pälike et al. 2010), and c site 
1196A with dominantly coarse 
grainstone matrix (Isern et al. 
2002)
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morphology and internal texture affect the transmission of 
compressional velocities (e.g. Moore and Wade (2013)). 
This effect is likely to be enhanced with coarser grain sizes 
and a reason for our observed increased TDR diffmax values. 
Another possible reason is the higher percentage of intra-
particle porosity (within individual grains) compared to the 
interparticle porosity (between grains) in coarse-grained 
carbonates. Fulthorpe et  al. (1989) explains the unique 
acoustic behavior of carbonates with increased intraparticle 
porosities, which, after Eberli et al. (2003), causes higher 
elastic rigidity of the material and results in higher signal 
velocity in a laboratory setup. In our case, this might explain 
the observed high TDR differences, e.g. at drill site 1196A 
(Fig. 2b) which is dominated by coarse-grained (> 30 µm) 
skeletal bioclastic grain- and floatstones (Fig. 3c). After 

Eberli et al. (2003) the velocity and permeability of car-
bonates strongly depend on pore types (e.g., intra-, inter-
particle porosity), but also their filling (e.g., cementation, 
diagenesis) and the degree of lithification, which can cause 
velocity differences over 2500 m/s, even if the measured 
porosity is constant. However, as only interparticle porosity 
can be measured on laboratory samples, the relationship to 
intraparticle porosity cannot be captured in our approach.

Our analysis confirms that carbonate content plays a key 
role in the scatter between TDRs from downhole and labora-
tory velocity measurements. This outcome cautions about 
the use of correction factors simply based on petrophysical 
characterization or depth fitting. Other qualitative param-
eters should be analyzed, such as pore type, grain morphol-
ogy, pore filling and degree of lithification which greatly 
influences velocity (Eberli et al. 2003; Fulthorpe et al. 1989).

Conclusion

Time–depth relationships are crucial for correlating seismic 
sections and drill hole information. A global comparative 
study is conducted, computing TDRs using all three velocity 
measurements (DSI, VSP and PWC) from the comprehen-
sive scientific ocean drilling dataset. We show that result-
ing TDRs can differ significantly, but the differences cannot 
be directly related to petrophysical properties such as bulk 
density or porosity. This implies that the TDR variations 
are influenced by a complex interaction of effects caused by 
formation properties, lithologic heterogeneity, burial depth, 
consolidation and lithification. This makes any simplified 
empirical TDR corrections difficult and not recommended.

Nonetheless, our results show that sequences with car-
bonate content > 70% appear to be more prone to TDR vari-
ability. Carbonate sequences with finer-grained texture dis-
play less TDR scatter compared to sites with coarser skeletal 
bioclastic deposits (dominated by grains larger than 30 µm). 
In these cases, VSP surveys are crucial to establish the cor-
rect TDR. However, considering the strong variability and 
complexity of the determinant factors even for low-carbon-
ate deposits, we highly recommend conducting VSP sur-
veys, to ensure a correct core-log-seismic integration with 
an accurate TDR function.
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Fig. 5  TDR difference ( diffmax ) for each site (labels, see legend) 
against a mean porosity, b porosity coefficient of variation and c 
maximum age. Point sizes represent carbonate content (wt %; a), bulk 
density coefficient of variation ( cv ; b and water depth (m; c)
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