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Abstract
We deduce algebraic expressions for temperature rise for ideal cases of uniform and spatially varying compression of sedi-
ments of single mineralogy. According to the results of the present work, the temperature rise is related to the coefficient 
of volume expansion, isothermal compressibility, dimension, bulk density, and specific heat of the sediment columns. Rise 
of temperature due to compression of sediment is effectively inversely proportional to the volume coefficient of expansion 
(or contraction) of sediments. Compression-related temperature rise is expected to augment diagenesis. A more realistic 
model of temperature rise dealing with the rate of compression of sediments that of the pore fluid(s) and the vacant pore 
space individually would be required.
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Introduction

Mechanical compaction of clastic sediments with coevally 
falling void ratios associated with porosity reduction is 
related to effective stress, which is the overburden stress 
minus the pore fluid pressure (Bjorlykke 1999), and some-
times, the magnitude is taken as a direct measure of com-
paction (Hantschel and Kauerauf 2008). Compacting sedi-
ments, especially mudstones (Bjorlykke 1999), and certain 
muddy stones (Worden and Burley 2003) behave ductilely 
and hence their compaction can be compared with that of 
fluid under compression, so long sediments do not fracture. 
For clay layers, a depthwise pressure gradient of 104 Pa m− 1 
can develop (Wangen 2010).

Conversion of shale from mud can be due to overbur-
den pressure (Cloetingh and Ziegler 2007). Usually, sedi-
ments with finer grains compact more efficiently (Pettijohn 
2004), since they consist of high volume of clay that usu-
ally retains high water as clay bound water. For example, 
mud layers with 10− 6 Pa− 1 of compressibility (Payne et al. 
2008) can shrink up to one-tenth of their original widths 
(Tucker 1981). The other magnitudes of compressibility of 

argillaceous sediments can be found in Rieke and Chilin-
garian (1974). Likewise, peat-to-coal conversion can reduce 
thickness of the original peat layer by a factor of 11 (Ryer 
and Langer 1980). For unconsolidated materials, the com-
paction constant [λ in Athy’s equation, where pz  =  pse−(z/λ); 
ps porosity at surface; pz that at depth z] can vary from 1.0 
(completely compacted sediment) up to ~ < 1.6 (under-
compacted variety). Sediments can be buried up to several 
km depth (Nemec 1988), which means that mud with bulk 
density 1.8 gm cm− 3 (Murton and Biggs 2003) can be below 
~ 5.8 × 1010 Dyne cm− 2 of pressure (as per the formula: pres-
sure = density × acceleration due to gravity × depth). Com-
pression has been linked with change in porosity as follows 
(Blatt et al. 1972):

where H thickness of sedimentary layer, Φ0 initial porosity, 
and Φ final porosity. Note here, “1−Φ” means the volume 
of solids divided by the total volume of the rock.

The thermal data so far have not been considered in 
studies of sediment compaction and compression-related 
heat. This work models vertical compression-related tem-
perature rise in sedimentary basins. Adding model-derived 
compression-related temperature rise into the thermal struc-
ture/anomaly of the basin would be the next useful exercise. 
Temperature structure matters for petroliferous basins, since 

(1)S = H
(

Φ0 − Φ
)

(1 − Φ)−1,
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that can affect thermal maturation of source rocks (Black-
well and Steele 1989). Positive geothermal anomalies have 
been reported from some overpressured zones (L’heureux 
and Fowler 2000), where shales can get over-compacted 
(Chilingarianet al. 1995).

The model

Uniform compression throughout the basin

Basins can be subsiding uniformly (Weeks 1952) especially 
if they are symmetric and devoid of any growth strata, or 
they can do so at least during part of their depositional his-
tory (Wood 1981). Here, we consider a simple and ideal case 
of a rigid basement over which sediments undergo com-
pression due to load of its overburden. Consider a rectangle 
ABCD with a compressible fluid inside it (Fig. 1a). Uniaxial 
compression is considered (as per Fjaret al. 2008), whereby 
AB moves towards CD with a constant velocity ‘v’.

Temperature change (dT) can be expressed as

where V volume, P pressure, and T temperature of the fluid. 
Subscripts in Eqs. (2) to (6) and (9) indicate that those are 
constants.

Now, coefficient of volume expansion:

(2)dT = (�T∕�V)PdV + (�T∕�P)VdP,

In addition, isothermal compressibility:

Considering a constant compressibility of rocks is justi-
fied, since it does not change (much) during compaction 
(Hantschel and Kauerauf 2008). An important relation 
amongst differentials:

Using Eqs. (2)–(5)

Or

Recall the thermodynamic relation:

H and U are enthalpy heat and internal energy, 
respectively.

Presuming no heat is lost from the body into the 
surrounding

where n kg per moles in the body and Cp specific heat at 
constant pressure. The consideration of Cp is justified, since 
the model considers constant applied pressure.

Eliminating dP from Eqs. (7) and (9):

Or

This yields

The initial geometric dimensions of the sedimentary 
package are l0, b0, and h0, and after time ‘t’, h changes to 
(h0−vt), respectively. Therefore

Eliminating ‘V’ from Eqs. (13) and (14),

(3)� = (�V∕�T)PV−1.

(4)k = −(�V∕�P)TV−1.

(5)(�P∕�T)V × (�T∕�V)P × (�V∕�P)T = − 1.

(6)dT = �−1V−1dV −
{

(�T∕�V)P∗(�V∕�P)T
}

dP.

(7)dT = �−1V−1dV + k�−1dP.

(8)dH = dU + PdV + VdP.

(9)nCpdT = VdP,

(10)dT = �−1V−1
[

dV + knCpdT
]

,

(11)dT = dV
{

V� − knCp

}−1
,

(12)

T

∫
T0

dT =

V

∫
V0

dV
{

V� − knCp

}−1
.

(13)T = T0 + �−1ln
{

(

V� − knCp

)(

V0� − knCp

)−1
}

.

(14)V = V0 − l0b0vt.

(15)
ΔT = T − T0 = �−1 ln

{

(1 − �l0b0vt
(

V0� − knCp

)−1
}

.
Fig. 1   Compression of sedimentary layer. AB length = l0; AD = h0; a 
uniformly, b non-uniformly



3001International Journal of Earth Sciences (2018) 107:2999–3004	

1 3

The relation amongst molar mass ratio (r), mass (m), and 
moles (n) is

Eliminating ‘n’ from Eqs. (15) and (16)

Now

Therefore

Since we consider volumetric contraction, ‘β’ inside second 
bracket should be opposite in sign than what is represented for 
volumetric expansion. Second, magnitude of compressibility 
contains inherently a negative sign (see Eq. 4). Therefore, its 
sign needs to be reversed to utilize its absolute magnitude. The 
final working equation thus becomes

Spatially non‑uniform/differential compression 
in the basin

Non-uniform sediment compaction in sedimentary basins has 
also been documented (Debnath and Choudhuri 2010) pre-
sumably due to different compaction coefficient (defined in 
Appendix 1) of even the same sediment type (Dutta 1986), or 
due to the heterolithic sediments present (e.g., Galloway et al. 
2009 and especially; Bjervik 2012). The uneven compression 
can be favoured by preferential accumulation of denser sedi-
ment at some part of the basin (Watts 2007).

Consider the dimension of the basin to be the same as the 
previous case but undergoing ‘x’ and ‘y’ rates of compression 
at its two margins (Fig. 1b). Up to Eq. (13) above, we proceed 
in the same way. In this case, the volume of the sediment after 
time ‘t’ is

Eliminating V from Eqs. (13) and (21)

Note 0.5(x + y) is the average rate of compression, say = v′. 
This average rate is attained at the middle of the compressing 
sediment layer.

Thus

(16)r = n m−1.

(17)
ΔT1 = T − T0 = �−1 ln

{

(1 − �l0b0vt
(

V0� − krmCp

)−1
}

.

(18)m = V0�.

(19)ΔT1 = �−1 ln
{

1 − �l0b0vtV0
−1(� − kr�Cp)

−1
}

.

(20)ΔT1 = �−1 ln
{

1 + �l0b0vtV0
−1(kr�Cp − �)−1

}

.

(21)V =
[

h0 − 0.5t(x + y)
]

l0b0 =
[

V0 − 0.5(x + y)l0b0t
]

.

(22)
ΔT2 = T − T0 = �−1 ln

{

1 − 0.5(x + y)�l0b0t(V0� − knCp)
−1
}

.

(23)ΔT2 = �−1 ln
{

1 − v��l0b0t(V0� − krmCp)
−1
}

.

Eliminating ‘m’ from Eqs. (16) and (23)

Using the same arguments as that preceded Eq. (20), 
Eq. (24) is recast:

Obviously, ‘v′’ for uneven compression case in Eq. (26) 
is equivalent to ‘v’ for the uniform compression case in 
Eq. (20); so far, ΔT1 and ΔT2 are concerned. In addition, 
note, for a uniform compression case of x = y = v, Eq. (20) 
reduces to as Eq. (25). In addition, for t = 0 in Eqs. (20) and 
(25), ΔT1 = ΔT2 = 0, which is as expected.

Conclusions and discussion

Considering clastic sedimentary mass as a single fluid in 
this work is the first-order approximation, which has been 
done by some of the previous authors in different tectonic 
contexts (e.g., Bruthanset al. 2006; Weinberger et al. 2006; 
Mukherjee et al. 2010; Mukherjee 2011). The actual physi-
cal behaviour of sediments under compression is available 
in Anandarajah and Lavoie (2002). Jones and Addis (1985) 
compared model-generated compression behaviour with the 
real behaviour of sediments. Protracted sediment compres-
sion can reduce porosity substantially and increase signifi-
cantly pore pressure, and eventually, the yield strength of 
sediments reduces, since it is already strained. With increas-
ing overburden pressure, average grain contacts per grain 
increases, also grains can crush due to the high fluid pressure 
developed. However, to the knowledge of the authors of this 
article, the heat produced due to such an event has not yet 
been constrained. As per Eqs. (20) and (25), temperature 
rise by compression of sediments in basins are functions of 
initial temperature of sediments, compression rate(s) for uni-
form (or non-uniform) compression, coefficient of volume 
expansion, isothermal compressibility, dimension (length, 
width, and depth), and density of sedimentary column and 
specific heat at constant pressure. However, the temperature 
rises by even and uneven compression, as per Eqs. (20) and 
(25), respectively, is not simply proportional to any of these 
parameters.

Density of rock column can vary in three directions: two 
perpendicular directions on the surface and the third verti-
cally down the depth. Such a variation pattern of density 
may be known for the sedimentary basin, ideally before the 
compression started. In that case, Eqs. (20) and (25) are to be 
modified by involving the “effective density” terms that also 
includes wet bulk density (ρbw) of the sediment, matrix/min-
eral grain density (ρm), fluid density (ρf), depth (z), porosity 

(24)ΔT2 = �−1 ln
{

1 − v��l0b0tV0
−1(� − kr�Cp)

−1
}

.

(25)ΔT2 = �−1 ln
{

1 + �l0b0v�tV0
−1(kr�Cp − �)−1

}

.
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at surface ( ∅0 ), and compaction constant (λ) as per Appendix 
2. Basin subsidence rate, constrained from top surface, can 
be rapid: 0.02 cm year− 1, or it can be slow: 0.003 cm year− 1 
(Watts and Ryan 1976; Clevis et al. 2003). Stanley and 
Corwin (2013) referred 0.37–0.84 cm year− 1, and Meckel 
et al. (2006) 0.5 cm year− 1. Usually, a higher sedimentation 
rate promotes a greater rate of compaction. The Red sea rift 
basin is ~ 1700 km long (Michon and Merle 2003).The South 
Caspian basin hosts the thickest sedimentary pile of 28 km 
(Knapp et al. 2007) known on the Earth. The molar mass 
(m), the coefficient of volume expansion (β), specific heat at 
constant pressure (Cp) within 25–500 °C, and density (ρ) for 
quartz are 60.08 gm mole− 1, 1.50 × 10− 6/°C, 10.63–17.11 
Cal mol− 1 K− 1, and 2.54 gm cm− 3, respectively. Note for 
rocks β = 3 × 10− 5 (Stuwe 2007). For other sediment types, 
“k” can be ~ 6 × 10− 10 Pa− 1 (Parson et al. 2010) and Cp 1 kJ 
kg− 1K− 1 (De Lapp and Le Bouef 2004). Compressibility 
(isothermal) of sediments (k) is ~ 2.55 × 10− 11 Pa− 1 (Tur-
gut 1997). Dandekar (2006), however, provided a different 
range (3 × 10 − 6 to 25 × 10 − 6 psi) for sediments. Compress-
ibility of unconsolidated and consolidated sands and clays 
ranges 10− 3 to 10− 7 psi. For some particular clays, it ranges 
5 × 10− 4 to 2.9 × 10− 5 psi (Chilingarian et al. 1995).

Considering rectangular parallelepiped-shaped sand layer 
of initial dimension 10 km (length) × 4 km (width) × 4 km 
(depth) consisting of quartz grains alone (~ the case of 
quartz-dominated diagenesis, leading, therefore, to sedi-
mentary quartzite: Allen and Allen 2013), for a spatially 
and temporally uniform compression rate of 0.37 cm year− 1, 
the temperature rise (ΔT1) until 103 years is presented in 
Fig. 2. For modeling purpose, we impose the compressible 
fluid rheology on sand grains. A similar approach has been 
routinely adopted in geodynamics and structural geological 
modeling, where ductilely deforming rocks are equated with 
flowing fluids (Ramsay and Lisle 2000). The figure consid-
ers CP = 1.50 × 10− 6/°C, k = 2.55 × 10− 11 Pa− 1, ρ = 2.54 gm 
cm− 3, r = 0.017 (because 1 mol of SiO2 is equivalent to its 

mass of 60.08 g). Two points are to be noted. First, sedi-
ments must have a limit up to which they can compact 
after which they become material with relatively low com-
pressibility. Second, pore fluid expelled during compac-
tion would flush out the heat produced. Therefore, a non-
stop temperature rise, as presented in Fig. 2, would not be 
possible in nature. Note that, for such chosen parameters, 
V0β = 24 × 1010, which is > > krmCp = 0.73 × 104, so that 
(V0β − krmCp) effectively equals V0β. Thus, recollecting 
V0 = l0b0h0, Eqs. (20) and (25) simplified to

This work considered a continuously acting pressure over 
the sediment layer. However, there are reports of temporal 
reduction of pressure on deep-sea marine sediments in some 
cases [review in Buchan and Smith (1999)], and the present 
model would not work in such cases.

Presenting the physical properties of matrix, void space 
and fluids together as a single parameter is sometimes done 
in basin analysis. For example, the “bulk compressibility” 
can be expressed as [as referred in Dandekar (2006)]

Few natural cases and processes were not considered 
in this model. These are (1) sediments dissolve and pre-
cipitate in deeper part of the basin, i.e., at > 2–3 km depth 
and at 70–100 °C (Bjorlykke 1999). Besides carbonates, 
density of newly deposited sediments ranging 1.6–1.9 gm 
cm− 3 increase to ~ 2.6–2.8 gm cm− 3 (Lerche and Patersen 
1995). In this process, sediment strength also elevates from 
5 × 106 to 5× 108 psi (Lerche and Patersen 1995). Potter 
et al. (2005), therefore, rightly stated “…compaction is 
more than just physical compression…”. (2) The thermal 
conductivity of the basement and the sediments above it can 
be 3.4 and 2.5 Wm− 1K− 1 (Armstrong and Chapman 1999), 
although thermal conductivities of sediments in basins are 
not well known (Blackwell and Steele 1989). As sediments 
compact, thermal conductivity presumably increases (Tari 
et al. 1999). Furthermore, interstitial water, depending on 
the cation exchange capacity and the salinity, can have a 
much higher thermal conductivity than ordinary water in 
the lab (Drost-Hansen 1991). (3) The modeled situation of 
temperature rise can get complicated, since basins can also 
subside as a whole. (4) Two sets of faulting could be pro-
duced in real sedimentary bodies for the kind of compression 
envisaged here if prolonged (Lonerganet al. 2002). (5) Allen 
and Allen (2013) distinguished three interlinked processes, 
while sediments compact: (i) compressibility: of sediments; 
(ii) compaction: of pore space; and (iii) consolidation: water 
expels. These details are not explored in this work. (6) The 
basin geometry can commonly be a synclinal structure 

(27)ΔT1 = �−1 ln
{

1 + vth0
−1
}

,

(28)ΔT2 = �−1 ln
{

1 + v�th0
−1
}

.

(29)Cb ≈ (�Φ∕�P)T .

Fig. 2   Temperature rise by uniform compression of sediments, see 
“Conclusions and discussion” for the parameters chosen
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(Chakraborty et al. 2003). (7) Pore fluid and sediments can 
have different thermal–mechanical properties. For example, 
compressibility (and density) of the pore fluid can be ~ 10 
times higher (and less than half) than that of the sediment 
(Table 1 of Turgut 1997). To our knowledge, nobody yet 
modeled temperature rise for compacting sediments con-
sidering all these constraints presumably because the model 
then complicates. (8) Exchange of heat is likely between 
pore-filling fluid and the porous matrix. Second, the thermal 
conductivity decreases as porosity increases (Jackson and 
‎Richardson 2007).

Clay converts from one variety to another at ~ 70–90 °C 
(Woden and Burley 2003), at 2–3 km burial depth (Allen and 
Allen 2013). This is close to the range of burial diagenetic 
temperature of 80–100 °C (Hansley and Whitney 1990). 
Significant dehydration from clays takes place at ~ 105 °C 
(Weaver et al. 1971). The highest diagenetic temperature 
can be ~ 120 °C (Lin et al. 2017), or probably 170 °C (Ren-
chao et al. 2012). The present work indicates that diagenetic 
temperature may not be simply depth-controlled, and com-
pression-related temperature should contribute to heating 
and possibly augment in diagenesis as well. Diagenesis at 
shallow depth such as merely 10 m as reported by Huggett 
et al. (2017) from mudrocks in Jordan may be attributed 
to such a compression-related temperature rise. As per the 
chosen parameters, 70–120 °C temperature rise can arise 
within ~ 150 years (vide Fig. 2). Since clay and mud com-
press more easily, one can expect temperature rise to be 
more pronounced in these sediments when they lithify.
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Appendix 1

The compaction coefficient/uniaxial compressibility is (Fjar 
et al. 2008)

where Δh is the change in height of sedimentary layer due to 
compaction, h is the initial height of the layer, Cm is the coef-
ficient of uniaxial compression, α is the Biot’s poro-elastic 
parameter, and ΔPf is the change in pore fluid pressure.

Appendix 2

As per Mukherjee (2017; also see Mukherjee 2018a, b, c for 
similar equations), kx is the density gradient along X-hor-
izontal direction up to a distance l0 and ky is the density 
gradient along a perpendicular Y direction up to a distance 

(29)Δh∕h = Cm�ΔPf,

b0. Vertically down along Z direction, and up to h0 distance 
porosity falls as per Athy’s exponential law. In this case,

Symbols defined in “Conclusions and discussion”. ρe can 
be substituted in place of ρ in Eqs. (20) and (26) and pro-
ceeded for the subsequent derivations.
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