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Assrnecr

The heat capacity of hydromagnesite, from Hindubagh, West Pakistan, and
synthetic nesquehonite, MgCOa.SHrO, have been measured from approximately 18
to 309 and to 341 K, respectively.

The thermodynamic properties at 298.15K (25,0'C) C"n, (Hortt.tu - H"i/7,
(G"rnr.rr - H"o)/7, and (Sorea.rr - S'o) for hydromagnesite, 5MgO'4COz'5IIzO,
are 125.86 + 0.37,67.35 + 0.20, -53.03 + 0.16, and 120.38 + 0.37 calmol-r(-r, and
for nesquehonite, MgCOa.SIIzO, a,re 56.81 + 0.17, 26.11 + 0.08, -20.65 * 0.06, and
46.76 + 0.14 cal mol-rK-l. The heat capacity of nesquehonite exhibits a )r-type
transition between 280 and 320 K. Between 295 and 310K the heat capacity increases
veiy rapidly from 55 to 64.7 cal mol-lK-r and then drops precipitously to 57 cal
mol-lK-r with a maximum at 306.5K (33.35'C). The entropy change associated with
this transistion is about 0.6 cal mol-rK-r.

InrnooucrroN

Hydromagnesite is a common product of the low-temperature
alteration of serpentine rocks where it is found in association lrith
artinite and brucite. It is also found, much less commonly, with
magnesite and in this association the magnesite has apparently
forrned from the hydromagnesite (Christ and Hostetler, 1970).

Nesquehonite (MgCOg'3H2O) was originally found at the base of
stalactites and as incrustations in an anthracite coal mine at Nesque-
honing, Carbon County, Pennsylvania (Palache, Berman, and Frondel,
1951, p.226). Nesquehonite has also been found as a fracture fil l ing in
serpentine and as deposits from mineral springs, and has recently been
described from a carbonate scale in an air scrubber of an air condi-
tioner by Marschner (1969) where it occurs with hydrocalcite
(CaCOs.HzO). Nesquehonite is involved in numerous equilibria con-
nected with the aqueous geochemistry of magnesium in natural waters
(Kazakov, Tikhomirova, and Plotnikova, 1957, and Langmuir, 1965).

'Publication authorized by the Director, U.S. Geological Survey.
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Several values for the standard Gibbs free energy of formation of
MgCOe'3HzO are available based on the solubility studies of Kline
(1929), Langmuir (1965), and F. B. Hostetler (written communica-
tion, April, 1970). Langmuir (1965) has summarized the aqueous solu-
bility data for MgCOs.SH2O and estimated the entropy as 46.9 t 2.1
cal mol-1K-1.

In his analysis of the equilibria in the system MgO-COrHzO
Langmuir (1965) suggested that the value of Stout and Robie (1962),
(see also Robie; 1965) for the standard Gibbs free energy of forma-
tion of MgCOs (magnesite) was incorrect by 4 kcal. If true this would
severely modify the calculated stable phase relations in the MgO-
CO2-H2O system. It therefore seemed worthwhile to determine the
standard Gibbs free enersr of formation of MgCOe'3HzO and
SMgO' CO'5H2O by calorimetric methods as an independent check
on Langmuir's conclusions. While this work was in progress, Christ
and Hostetler (1970) confirmed the value for the free energy of forma-
tion calculated by Stout and Robie (1963) on the basis of careful
solubility measurements of MgCOa in HzO at fixed CO2 pressures at
g0'c.

Table 1, Chemical aElyaes of hydromagnesite.

Mgo

coz

Hzo

FeO

Fero,

Ins o]uble

1

4 3 . 1 0

3 7 . 6 4

t g . 2 6

43.76

3 ? . 3 3

1 9 . 6 3

43.37  44 .02

3 7 . 1 1  3 6 . 8 4

1 9 .  3 8  1 9 . 6 0

44.01  43 ,29  44 ,14

3 5 .  ? 0  3 6 . 1 0  3 6 . 1 4

1 9 . 5 3  2 0 . 2 5  ! 9 . 7 2

0 . 1 6

0 . 0 4

9 9 . 8 6  1 0 0 . 7 6 9 9 . 2 4  9 9 . 8 4  1 0 0 . 0 0

sMgO.4CO2.5H2O

Ilindubagh, West Pakistu, (Heat of solution sample. ) Amlyst Ellen Gray, U. S. Geological
Survey (W-169044).

3. Eindubagh, West Pakistm. (Heat capacity Eample. ) Anatyst Ellen cray, U. S. Ceological
Suryey (W-169045).

Coalinga, California. Analyst EUen cray, U. S, ceological Survey (W-169043).

Hindubagh, West Pakistu. (Shams, 1965).

Rockvi l le,  Maryland. AnalystJ.J.  Fahey, U.S. ceologicalSuryey (Lurabee, 1969),

aMeO.3CO; aHrO

I  00 .  00 100.  ?2

,
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A second reason for a calorimetric determination of AGoy of
MgCO3'8HzO and 5MgO'4COz'5HzO (hydromagrresite) is to obtain
an independent value of the standard free energy of formation of Mg'-
by combining the calorimetric data with precise solubility results.

In this paper we report measurements of the heat capacities of
hydromagnesite and nesquehonite and calculated values of the entropy
change, Sozse.rr - Soo, for these phases.

Maronrels

Hgd,roma4nesite

The sample of hydromagnesite used for our low-temperature heat capacity
measurements was kindly supplied by Dr. S. A. Bilgrami who collected it from
the Zhob Valley, Hindubagh, West Pakistan, (Bilgrami, 1964), and who supplied
the following information: "the mineral occurs as veins in fractured serpentine
on the eastern slope o{ Jungtoghar about 900 yards east of mine 88. The veins
vary in thickness from a fraction of a centimeter to L5 centimeters, are several
meters long and follow no definite direction" (S. A. Bilgrami, written com-
munication to B. S. Ifemingway, December 8, 1966). The material was in the
form of small twinned crystals of between 1 and 6 mm on a side. Chemical
analyses of this sample of hydromagnesite together with one from Coalinga,

Table 2. Chemical amlyses of nesquehonite,  MgCO3'3HZO,

7 2 3 4 5 6

MgO +28.40

cQz 30.44

Hro- I-  
*  {  39 .21

Hzo '

sio2

A12O3

K2o

MgO 28.40

3 0 , 1 2  3 0 .  4

(  2 4 . 3
3 8 . 6 2  {(  r s . z

0,  26

1 , 8 0

0.  01  0 .42

29.  96 2 1 . 1 3 3 . 4 0

32, .45

3 4 . 3 9

3 6 . 6 8

34.44

28,L2

2 9 . 1 3

3 1 ,  8 1

3 9 . 0 6

By difference

9 8 . 1 1 99.31  100.08  LOO.24 99,24  100.00

Elapsed t ime (days)

after synthesis I  21 63 3L2 665

x Residue after ignition.

1. Sample NBH-4 Arely€t Ellen cray, U. S. Geological Suryey (W-171159),

2. SampleNBH-2 AnalystsD,B. Heclq J.R. Schleicher, IUinoisGeologicalSurey(R-6534).

3. Sample NBH-4 Amlyst Leomrd Shapiro, U. S. ceological Survey (W-1?1159).

4. Sample NBH-3 AnalystEllencray, U.S. GeologicalSuryey(W-169042).

5. Sample NBH-I Amlyst Ellen cray, U,S. ceological Suney (W-169041).

6. MgCO3.3II2O
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Fro. 1. change of the chemicar composition of Mgcoa.Blrro as a function of
elapsed time after preparation.

california (which we used-for some,preliminary heat of solution measurements),
and two recent analyses from the literature are given in Table l.

The crystal structure of hydromagnesite has not been determined and thebasic geometry of the unit -cell is still questionable <rvr,r.ao"r.,ls5a).-^cooru-quently, the correct chemical formula for hydromagnesite is in doubt. parache,
Berman, and Frondel 0951, p. 2ZZ) accepte.d the iormula gMeCO".MgiOUl,.
3'go, whereas the strukturbericht (1940, Band v, rgBZ, p. sil ud 

-Dooo"y

et al. (196J) adopted the formula +MgCb".Mg(OE),.4II,,O. White GgZl) hasstudied^ the infrared spectra of hydromagnesile and interpreted his data asindicating distinct kinds 
^of carbonate gro-ups with oo 

"oii"oru-ro"-rrJi.oguobonding between the CO"* groups and Jatei molecules. He zuggestua tlrni oror,of the rrso occurred as oH- rather than lro. The chemicli 
"oJ"."""ri"tuain Table I are inadequate to resolve this discrepanc5r between chemical formulag.

magnesite range from 2.14 to ZB e ml-t.
ve 2,286 g ml-' as the most likely value.-r for the material of analysis 6, table f .
data are those of Murdock (lg54) who

c - e.06, r = 1858, c - 8.42.r -oooui#lltt;0"T, ilf"?,t"#ffi::tffiJ,il
the specific gravity of the hydromagnesite sampre f.om west pakictan using the
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T a b . | e 3 . E x p e r i m e n t a l h e a t c a p a c i t y m e a g u r e m e n t s f o r 4 6 T . 6 3 S

g r a m s  o f  h y d r o m a g n e s i t e  f r o m  H i n d u b a g h ,  l , J e s t  P a k i s t a n '

H E A T  ^ T
C A P A C  I  T Y

T E M P .T E M P .  H E A T  A T
C A P A C I T Y

K E L V I N  C A L / M O L - K  K E L V I N S  K E L V I N  C A L / M O L - K  K E L V I N S

S E R I E S  -  I

5 3 . 0 6  1  7 . 3 3
5 5 . 3 8  1 8 . 7 7
5 9 . 3 5  2 l  . 3 3
6 4 .  3 3  2 4 . 5 8
6 9 . 4 7  2 7  . 9 7
7 4 . 5 3  3 ' l . 3 1
7 9 . 7 9  3 4 . 7 7
8 5  . 0 3  3 8 .  1  9
9 0 . 3 0  4 1 . 5 6
9 5 . 7 9  4 5 . 0 0

S E R I  E S  I  I

I  0 t  . 3 4  4 8 . 3 8
I  0 6 . 6 5  5 l  . 5 5' I  ' t  

I  . 9 0  5 4 . 6 0
1 1 7  . 2 7  5 7 . 6 3
1 ? 2 . 7 8  6 0 . 6 4
1  2 8 .  3 0  6 3 . 5 7
I  3 3 . 9 i  6 6 , 4 6
1 3 9  . 6 2  6 9 . 3 0
1  4 5  . 3 2  7  2 . 0 7
I  5 0 . 9 7  7  4 . 7  5
1 5 6 . 6 5  7 7 . 3 9
1 6 a . 3 1  7 9 . 8 7

S E R I  E S  I  I  I

2 1 7 . 7 2  I 0 1 . 4  5 . 7 0 5
2 2 3 . 4 ' l  | 0 3 . 5  5 . 6 9 0
2 2 9  . 0 7  1  0 5 . 4  5 . 6 5 4
2 3 4 . 7 1  1 0 7  . 2  5 . 6 4 3
2 4 0 . 3 2  1 0 9 . . l  5 . 6 0 2
2 4 5 . 9 2  I l 0 . B  5 . 6 . | 5
2 5 1 ; 5 2  

' 1 . l 2 . 5  5 . 6 2 3
2 5 7 . 1 7  

. l . l 4 . 3  5 . 7 0 5
2 6 2 . 9 3  ' : 1  . l 6 . 0  5 . 8 5 3

S E R I E S  I V

2 6 2 . 3 5  I | 5 . B  5 . 8 2 8
2 6 7  . 9 1  I  

. l  
7 . 5  5 . 3 3 4

2 7  3 . 2 7  l  l  9 .  l  5 . 4 8  1
2 7 9 . 0 9  1 2 0 . 6  6 . 1 9 2
2 8 5 . 2 3  

' 1 2 2 . 4  6 . 1 1 4
2 9 1  . 2 8  1 2 4 . 0  6 . 0 4 2
2 9 7 . 2 3  1 2 5 . 6  5 . 9 6 7
3 0 3 . . l 4  1 2 7 . 4  ,  5 . 9 0 0
3 0 8 . 9 8  1 2 9 . 9  5 . 8 3 5

S E R I E S  V

2 0 . 4 8  2 . 0 3 0  3 .  1  3 8
2 3 . 4 2  2 . 7 9 3  2 . 2 4 8
2 6 . 2 9  3 . 6 7 4  

. l . 6 5 3

2 8 . 3 9  4 . 4 7 8  i . 9 6 8
3 0 . 4 9  5 . 6 1 8  1 . 8 4 . l
3 2 . 6 4  6  . 3 8 2  2 . 0 5 4
3 5 . 7 8  7 . 5 3 6  2 . 2 7 0
3 B . B l  9 . 0 9 2  3 . 3 3 8
4 2 . 6 ' l  l l . 0 l  4 . 4 7 3
4 7  . 2 1  1  3 . 6 8  4 . 7 2 2
5 t  .  8 5  1 6 . 5 2  4 . 5 7 2
5 6 . 3 7  1 9 . 4 0  4 . 4 7 2
6 1 . 0 7  2 2 . 4 1  4 . 9 4 0

1 6 3 . 7 7
1 6 9 . 2 4
I  7:4.  56
I  7 9 ;  B 3
1 8 5 .  1  2
1  9 0  . 4 7
1  9 5 . 9 0
2 0 1 . 3 2
2 0 6  . 7  2
2 1 2  . 1 6

S E R I E S  I I I

8 0 . 5 0
82 .87
8 5 .  I  I
8 7 . 2 7
8 9  . 2 7
9 l  . 4 5
9 3 . 6 0
9 5 . 6 2
0 7  q a

9 9 .  5 0

1 . 2 0 ?
3 . 4 4 3
4 . 5 . l 0

4 . 8 3 6
5 . 2 7 8

5 . 2 4 8

5 . 6 9 4

5 . 3 4 4
E, 29.6

E  ( l 4

5 . 5 2 8

5 . 7 2 2
5 . t t +

5 . 6 2 2
5 . 7 4 3
5 . 5 9 2

5 . 4 0 3
5 . 2 8 2

5 . 3 2 2
5 . 4 0 8
5 . 4 6 9

5 . 4 4 8
5  . 4 4 6
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The 'X-ray density corresponding to the formula bMgO.4CO,.itr O is 2.21d g cm*.
- The best fit'to the ohemical-, specific gta"iiy, andrX'ray data indioate thatthe correct formula for hydromas".uii"lirl.iMgOr4COn.5lLO and we .haveassumed this: formula in .tabulaiing our, heat rcapaeity, measureryre4ts..

Nesquehonite

ite) was :prepared by a method sug_
Department of Geblogy, University of
solution of IGCO" was prepar'ed ,froni

ium carbonate. A 1.g molar solution ,of
ied Reagent MgCL.6H"O (M_BB). Two
;ton was poured into a 500 ml beakei
lolution and the beaker covered with a
diately upon mixing df the two solutions
while the crystals of nesquehonite grew
nically separated from the residual gel
vely in distilled water, 0.1 N HCI (this
lel), distilled water, and finally in me-

J
o

j

O* - ^

F

z

0.

IEI/IPERATURE. K

Fra' 2' observed low-temperature heat capacity of hydromagnesite from Eindu-bagh, west Pakistan' solid rine is the leasi 
"quu."r 

nf to trrul*p..ir*oilr no;otu.
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At,room temPerature and ambient C

unstable and after three to four weeks it

The samples were examined Periodi
determine whether any change had occt

alteration detected by diffractometer :

d, = IOS A which may appear as earlY

tional reflections with a )'+.A5,4.41,i.g1,2.86, and 2'21 A were noted on one

sample after four weeks. All of the heat capacity measurements were made

oo lrateriut prepared within two weeks of the date the meazurements were

made.--_no.,,samplesofsyntheticnesquehonitewereanalyzedchemical lyatvaryrng

elapsed times after preparation and the results are given in Table 2' T'he quan-

tities of SiO,, IGO, t"d;to;*ported in analr{s 3 are suspect' Spectroscopic

analysis of samples z uoa-i*ilitft were prepared from the same source of K'CO"

and MgCl''6HrO showed Ltt ttt"o oo"-tenth the amount of SiO" and no Al'Ou

as compared to analYsis 3'

The change in ttre we'ight percentage of {s^O' 
CO" and H"O a9 a'function

of the elapsed time artJ.!,"p"t*ti""if YccOi'3ILO 
are shown in Figure 1'

It is readily seen that il*'c'o;;Eo loses both HO and Coa as a function of

time after preparation under ambient conditions'

Kinsolving, Maccill,,ary, u.lra p"piotttv (1950) have determined-the unit

cell parameters aod wrrit"*"(isni tr*'"*r-ined the infrared spectra of Mgco"'

38"O. Very recentlv, St;;h* and MacGillvary (lVIz) determined the crystal

stnrcture of nesquehonite.

Rrsrn rs

Theca lor imete fused in th is inves t iga t ionhasbeendescr ibedby
Robie and Hemingway (Ig72)' The data are reported on the. basis

of the International i'ractical Temperature Scale of 1968 (Comit6

International des Poids et Mesures, 1969), with one calorie^eQual to

+.fS+O joules, and using the formula--yeight of MgCOs-'-3H'O =

iei.soo'g*ms and tor +MgC'Og'Mg(OII)z'4HzO = 467'638.grams

basedonthe lg6gtab leo f "a tomicwe igh ts (Commiss iononAtomic'Weights, 1970) - Fo" ih" -"usurements on hydromagnesite -the- calori-

;;# *;. fiIled with 118.781 grams' tn uacw, of the Hindubagh''West

Pakistan, crystals. The empt! calorimeter contributed 53 percent of

lfru totuf heai capa.ity measured at 40 K and 30 percent at 300 K' The

;;;pl; of nesquehonite used for the heat capacity studies weighed

t In this connection we report the followilg observation which bears upon

the stability of MgCO"'SE'O"The a33-sram heat'-capacity' sample-was removed

from the calorimeter Jtt"tta in a 250 ml erlenmeyer flask which was tightly

sealed with a rubber tiopptt' Approximately four months later' the flask was

op.o"a to obtain u ,n-pi" for x-ray analysis, The removal of the stopper was

accompanied by a violent expulsion of eas- 1nd 
some sample' much like that

of a bottle of warm 
"h;;;;;" 

which had been shaken before opening' The

flask was restoppered 
""Jip"""a 

again several months later with similar but

slightly less violent expulsi'on of gas'
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TABLE 4. EXPERIMENTAL HEAT CAPACITY
MEASUR,EMENTS FOR 133.360 GRAMS OF SYN-
TEETIC MgCOg.SE O.

T E M P .  H E A T  A T
C A P A C  I  T Y

( E L V I N  c A L / I ' 1 O L - K  K E L V I N s

T E I , I P .  H E A T  A T
C A P A C I T Y

K E L V I N  C A L / I . 1 O L - K  K E I V I N S

S E R I E S  I

5 4 . 0 2  7 . 8 6 9  1 . 2 2 0
5 5 . 7 6  8 . 2 8 5  2 . 2 5 1
5 8 , 9 3  9 . 0 3 3  4 . 1 0 8
6 3 . 3 8  1 0 . i 0  4 . 7 s 1
6 8 . 2 1  1 1 . 2 9  4 . 8 8 4
7 3 . 2 6  ' t 2 . 4 0  

s - 2 5 4
7 8 . 6 8  1 3 . 6 1  5 , 5 8 8
8 4 . 6 4  i 4 . 9 3  6 . 2 1 0
9 0 . 8 7  1 6 . 3 2  6 - 2 9 1
9 7 . 2 0  1 7 . 6 1  6 . 4 0 8

1 0 3 . 4 2  1 8 . 8 8  6 . 0 4 4
r 0 9 . 4 t  2 0 , 0 5  5 . 9 4 4
i l 5 . 2 1  2 1 . I t  s . 6 8 6

S E R I E S  I I

2 2 1 . 4 7  3 8 , 3 2  5 . 5 7 6
2 2 6 . 9 8  3 9 . ) 5  5 . 4 8 9
2 3 2 . 4 1  4 0 . 0 0  5 . 4 0 4

S E R I E S  V

3 0 t . 1 7  5 8 . 6 5  l - 6 0 6
3 0 2 . 7 5  6 0 . 5 7  t . 5 7 5
3 0 4 . 3 1  6 2 . 3 4  1 . 5 4 8
3 0 5 . 8 4  6 3 . 5 9  . 1 . 5 2 8

3 0 7 . 5 4  6 0 . 2 1  1 . 8 9 1
3 0 9 . 4 3  5 8 . 5 7  1 . 9 2 1
3 l l . ' t 8  5 8 . 3 2  r . 6 0 3
3 1 2 , 7 7  5 8 . t 4  t . 6 0 5

S E R I E S  V I

3 0 5 . 3 3  6 3 . 3 5  t . 5 3 0
3 0 6 . 8 7  6 2 . 1 6  1  - 5 4 7
3 0 8 . 4 3  5 9 . 2 t  1 . 5 9 1
3 1 0 , 0 2  s 8 . 5 5  1 . 6 0 0
3 i l , 5 r  5 8 . 2 t  t . 6 0 4
3 1 3 . 2 1  5 8 . 0 5  t . 6 0 6
3 t 4 . 7 8  5 7 . 8 8  1 . 6 0 5
3 1  6 , 3 8  5 7  , 8 9  I  . 6 0 4
3 1 7 . 9 1  5 7 . 9 i  t . 6 0 3
3 ' , t 9 . 5 6  5 8 . 0 4  t . 6 0 0
3 2 1 . 2 7  5 8 . 0 3  t . 9 t 8
3 2 3 , 1 7  5 8 . 2 0  ]  9 1 4
3 2 5 . 0 '  5 8 . 3 6  t . 9 0 9
3 2 8 . 1 9  5 8 . 7 1  4 . 4 3 2
3 3 2 . 5 8  5 9 . 3 5  4 . 4 0 0
3 3 5 . 9 3  5 9 . 9 6  4 . 3 6 6
3 4 1  . 2 4  6 0 . 6 8  4 . 3 3 1

S E R I E S  V I  I
2 7  3 . 7  I  4 7  . 5 6  3 .  0 6  3
2 7 6 . 7 9  4 8 . 3 9  3 . 0 3 t
2 7 9 . 7 1  4 9 . 2 0  2 . 9 9 8
2 8 2 , 6 9  5 0 . 1 0  2 , 9 6 5
? 8 5 . 4 0  5 0 . 8 3  2 . 8 8 6

S E R I E S  I I I

2 3 5 . 1 7  4 0 . 5 5  5 . 3 2 5
2 4 0 . 4 3  4 1 , 1 8  5 . 2 6 3
2 3 7 . 6 4  4 0 . 6 4  5 . 4 5 5
2 4 3 . 1 3  4 1 . 5 8  s . 3 7 5
2 4 8 . 5 1  4 2 . 5 5  5 . 2 9 s
2 5 3 . t 6  4 3 . 2 9  3 . 9 9 9
2 5 7 . 5 0  4 3 . 9 6  4 . 6 9 8
2 6 2 . 5 6  4 5 . 1 6  5 . 4 3 0
? 6 8 . 1 6  4 5 . 5 1  5 . 8 t 3
2 7 3 . 8 8  4 7 . O 9  5 , 6 9 4
2 7 9 . 4 8  4 8 . 3 2  5 . 6 0 0
2 8 5 . 1 9  5 0 . 0 2  s . 9 3 4
2 9 0 . 9 9  5 2 . 0 6  5 . 7 8 6
2 9 6 . 6 1  5 4 , 7 9  5 . 6 0 8
3 0 1 . 9 9  5 9 . 5 5  s . 3 3 8
3 0 7 . t 3  6 1 . 0 8  5 . 2 7 0

S E R I E S  I Y

1 7 . 1 4  0 . 6 0 ?  1 . 6 8 1
1 8 . 7 2  0 . 7 8 1  1 . 5 6 8
2 0 , 3 7  0 . 9 0 2  1 . 3 1 9
2 1 . 9 2  1 . 0 5 5  1 . 3 4 5
2 2 . 6 2  1 . 2 7 8  1 . 1 7 6
2 4 . 2 6  1 . 5 0 t  t . l 3 B
2 5 . 9 0  1 . 7 5 3  0 . 9 5 t
2 7 . 3 8  1 . 8 4 9  0 . 8 4 6
2 8 , 6 t  2 . 2 6 8  1 . 1 3 0
2 9 . 8 6  2 . 4 2 5  t . l 1 6
3 1 , 2 3  2 . 6 9 7  l . 4 t  O
3 3 . 1 2  3 . 1 3 4  2 . 1 3 6
3 5 , 5 6  3 , 7 2 8  2 . 2 8 8
4 0 . 3 3  4 . 6 6 5  2 . 6 2 0
4 3 . 7  t  5 . 4 7 0  3 . 5 5 7
4 7 . 4 6  6 . 2 8 7  3 . 9 3 4
s l .  l  3  7 . 1  6 3  3 . 4 2 1
5 4 .  3 6  7  . 9 3 7  3 . 0 6 8
5 8 . 0 4  8 . 8 1 9  4 . 3 2 2
6 2 . 1 3  9 . 7 9 3  3 , 8 7 8

S E R I E S  V I I

2 B 7 . A A  s I . 9 0  2 . 1 3 8
2 8 9 . 8 ' , t  5 2 . 5 8  1 . 7 6 6
2 9 1 . 3 5  5 3 . 0 7  1 . 4 0 3
2 9 2 . 7 4  5 3 . 8 8  1 . 3 9 i
2 9 4 . 1 2  5 4 . 4 8  I , 3 8 1
2 9 5 . 4 8  5 5 . 1 7  

' , t . 3 7 1

2 9 6  . 8 3  5 s . 9 7  ' , t  
. 3 5 9

2 9 8 . 1 7  5 6 . 9 6  I  . 3 4 5

S E R I  E S  V ' I  I  I

2 9 8 . 9 7  5 7  . 2 5  
' t  

. 3 3 2
3 0 0 . 2 6  s 8 . 3 5  1 . 3 t 7
3 0 1 . 5 4  5 9 . 5 9  I . 3 0 0
3 0 2 . 2 4  5 9 . 9 4  0 , 3 6 0
3 0 2 . 5 7  6 0 . 7 2  0 . 3 s 7
3 0  2 . 8 9  6 0  . 9 2  0 .  3 5 6
3 0 3 . 2 2  6 1  . 5 2  0 , 3 5 4
3 0 3 . 5 4  6 1 . 8 2  0 . 3 5 2
3 0 3 . 8 1  6 1 . 9 2  0 . 3 s 2
3 0 4 . 1 4  6 2 . 5 A  0 . 3 4 9
3 0 4 . 4 7  6 3 . t 0  0 . 3 4 7
3 0 4 . 7 9  6 3 . 3 3  0 . 3 4 7
3 0 5 . 1 1  6 3 . 9 3  0 . 3 4 4
3 0 5 . 4 3  6 4 . 1 9  0 . 3 4 4
s 0 5 . 6 8  6 4 . t 4  0 . 3 4 3
3 0 6 .  0 0  6 4  .  5 3  0  , 3 4 2
3 0 6 . 3 2  6 4 . 6 3  0 . 3 4 1
3 0 6 . 6 4  6 4 . 2 7  0 . 3 4 2
3 0 6 . 9 7  6 3 . 4 0  0 . 3 4 5
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Frc. 3. Observed low-temperature heat capacity of MgCO"'3HzO'-(synthetic

nesquehonite). Solid line is ihe least squares fit to the data' The dashed line

represents our estimate for the normal heat capacity' The area between the two

,.r*"a ,o.r.rponds to an enthalpy of transition of 176 cal mol-t'

43.396 grams rm u,acun. The empty calorimeter was approximately 60

pu"..nt of the observed total heat capacity between 40 and 300 K' In

correct'ing the weights of the calorimetric samples for buoyancy' we

used the densities 2.24 and, 1.85 grams crn:s for hydromagnesite and

nesquehonitel respectively.
Our heat .apu"ity daia for hydromagnesite are listed in Table 3'

assuming a formula SMgO'4CO2'5}JzO- The data are shown graphi-

cally in Figure 2.
The experimental heat capacity data for MgCO3'3HzO are listed

in chronological order of measurement in Table 4 and are shown in

Figure 3. The solid line is the least squales fit to the data. After the

data of series IV had been completed the calorimeter was disassembled

and the data were reduced. It was .then found that there was an

uno*uly in the heat capacity of MgCOB'3H2O' { ""y 
sample of

MgCOr'aHzO was prepared una tn" measurements of series V through

VI]I were made in orier to examine the nature of the heat capacity

anomaly in detail.
Between about 280 and 320 K the heat capacity'of Mgcoa'3HzO
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increases rapidly from approximately 58 cal mol-1K-1 to a maximum
of. 64.7 cal mol-'K-l at 306.5 K (,t-point) and then decreases precipi-
tously to about 57 cal mol. 1K-1 aL 320 K. Three sets of measurements
of the heat capacity of MgCOs.SH2O were made between 280 and 320
K with temperature increments as small as 0.3 K. The results are
shown in Figure 4.

Apparently no thermal hysteresis is associated with the transition.
We do not know the struetural cause for the transition but it may,be
related to partial rotation of the HrO groups. The enthalpy of transition
is 176 * I cal mol-'. The entropy change associated with the transition
is 0.58 + 0.02 cal mol-'K-'.

The experimental heat capacities were extrapolated to 0 K by means
of a Co/ T2 versus ? plot, and smoothed,by computer. From the smoothed
heat capacities, tables of the thermodlmamic functions Co,, (Ho; -
H")/7, Sor - 5o6, and (G", - H";)/T were generated and are listed
for 5MgO.4CO,.5H,O and MgCO;.3H2O, in Tables 5 and 6 respec-
tively.

For the reasons rnentioned by Hemingway and Robie (1972) we

:<
I

-J
o

J

L R A

o
L

F

U
- 3 U

29O 3OO 3sO
TEMPERATURE. 'K

Frc. 4. The tr-type transition in the heat capacity o{ 'MgCOa.3ILO. The
circles with the vertical bar are the data of seri.es V. Table 4. The souares
represent the results of series VI. The triangles are the da.ta of series VIi and
the solid circles are those of series VIII.
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T a b l e  5 .  T h e r m o d y n a m i c  p r o p e r t i e s  o f  h y d r o m a g n e s i t e ,

5 M S 0 . 4 C 0 r . 5 H r 0

TEMPERATURE HIIAT
CAPACITY

T C o
P

KELVINS

ENTROPY ENTHAI.PT
FUNCTION

GIBBS ENERGY
FUNCTION

(r; -  r ; )  (H;  -  H;) / r  - (c ;  -  H;) / r

CALORIES,/MOL.KELVIN

5 .  0 0
1  0 . 0 0
1 5 . 0 0
2 0 . 0 0
2 5 . 0 0

3 0 . 0 0
3 5 .  0 0
4 0 . 0 0
4 5 . 0 0
5 0 .  0 0

6 0 . 0 0
7 0 . 0 0
8 0 . 0 0
9 0 . 0 0

1  0 0 . 0 0

1  1  0 . 0 0
1  2 0 .  0 0
1  3 0 . 0 0
1  4 0 . 0 0
1  5 0 . 0 0

1  6 0 .  0 0
1  7 0 . 0 0
1  8 0 . 0 0
1  9 0 .  0 0
2 0 0 . 0 0

2 1 0 . 0 0
2 2 0 . O O
2 3 0 . 0 0
2 4 0 . 0 0
2 5 0 . 0 0

2 6 0 . O 0
2 7 0 . 0 0
2 8 0 . 0 0
2 9 0 . 0 0
3 0 0 . 0 0

2 7  3 . 1 5
2 9  8 .  1 5

0 . 0  3 5
0 . 2 7 5
0 . 8 ? 7
1 . 8 9 4
3 .  3 0 0

s . 0 8 5
? . 2 3 4
9 . 6 7 2

1  2 . 4 4 9
1 5 . 3 9 2

2 1  . 7 1 9
28.324
3 1 r . 9  3 1
4 1 . 3 7 5
4 7 . 5 7 5

5 3 . 4 9 4
s 9 . 1 2 1
6 4 . l r 5 8
6 9 . s 1 3
7 q . 3 0 2

7 8 . 8 5 0
8 3 .  1  8 0
8 7 . 3 1 7
9 1 . 2 8 2
9 5 . 0 9  1

9 8 . 7 5 6
102.282
I  0 5 . 5 7 5
1 0 8 . 9 4 0
1 1 2 . 0 8 5

1 1 5 . 1 2 8
1 1 8 . 0 8 4
1  2 0 . 9  3 9
123.657
1 2 6 . 3 9 6

1 1 8 . 9 9 6
1  2 5  . 8 5 7

1 . 3 7

0 . 0 0 9
0 . 0  8 7
0 . 2 9 6
o . 6 7 7
1  . 2 4 4

1 . 9 9 7
2 . 9 3 8
4 . 0 6 1
5 . 3 6  1
6 . 8 2 3

1 0 .  1 8 2
1  4 . 0 2 5
1 8 . 2 3 9
2 2 . 7 2 8
2 7 . 4 1 0

32.225
3 7 . 1 2 3
42.067
4 7 . 0 3 1
5 1  . 9 9 2

5 6 . 9 3 3
6 1 . 8 4 5
6 6  . 7  1 7
7 1 . 5 4 5
7 6 . 3 2 5

8 1 . 0 5 3
85.729
9 0 . 3 s 1
9 4 . 9 1 8
9 9 . 4 3 0

1 0 3 . 8 8 5
1  0 8 . 2 8 6
1  1  2 . 6 3 2
116.92 t |
1 2 1 . 1 6 1

1 0 9 . 6 6 1
1 2 0 . 3 8 1

r . 3 7

0 . 0 0 q
0 . 0 6 1
0 . 2 1 5
0 . 4 9 5
0 . 9 0 6

1  . 4 4 5
2 . 1 1 2
2 . 9 0 1
3 .  8 0 8
4 . 8 1 8

7 . 1  0 1
9 . 6 6 0

1  2 . 4 0 7
1  5 .  2 6 9
1 8 . 1 9 2

2 t . 1 3 5
2 4 . 0 5 8
2 5 . 9 7  1
2 9  . 8 3 1
32.638

3 5 . 3 8 5
3 8 . 0 ? 0
4 0  . 6 9 2
4 3 . 2 5  1
4 5 . 7 4 8

4 8 .  1  8 6
5 0 .  5 6 5
5 2 .  8 8 8
5 5 .  1  5 6
5 7 . 3 7 0

5 9 . 5 3 4
6  1  . 6 q 8
5 3 . ? 1 5
6 5 . 7 3 5
6 7 . 7 1 1

6 2 . 3 0 4
6 7 .  3 4 8

r . 2 0

0 . 0 0 5
0 . 0 2 6
0 . 0  8 1
0 .  1 8 2
0 .  3 3 8

0 . 5 5 2
o . 8 2 6
1  . 1 6 0
1  . 5 5 3
2 . 0 0 6

3 . 0 8 1
4 .  3 6 5
s . 8 3 3
7 .  4 5 8
9 . 2 1 8

1  1  . 0 9 0
1 3 . 0 5 5
1  5 .  0 9 6
17.200
1  9 .  3 5 4

2 1 . 5 4 8
23.775
26.02s
28.29  4
3 0 . 5 7 6

3 2 . 8 6 8
3 5 . 1  6 4
3 7 .  q 6 3
3 9 . 7 6 2
4 2 . 0 5 9

4 4 .  3 5 2
4 6 . 6 3 8
4 8 . 9 1 8
5 1 . 1 8 9
s 3 . 4 5 1

47.357
5 3 . 0 3 3

r .  1 6
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T a b l e  6 .  T h e r m o d y n a m i c  p r o p e r t i e s  o f  n e s q u e h o n i t e .  M q C 0 ^ . 3 H ^ 0- J l

TEMPERATURE HEAT ENTROPY
CAPACITY

r  c !  rs i  -  s f i l  (H;  -  H;) / r  - (c ;  -  H;) / r

ENTHALPY GIBBS ENERGY
FUNCTTON FUNCTION

KELVINS CALORIES,/MOL.KELVTN

5 . 0 0
1  0 . 0 0
1 5 . 0 0
2 0 . 0 0
2 5 . 0 0

3 0 . 0 0
3 5 .  0 0
{ 0 . 0 0
4 5 . 0 0
5 0 . 0 0

6 0 . 0 0
7 0 . 0 0
8 0 . 0 0
9 0 . 0 0

1  0 0 . 0 0

1  1  0 . 0 0
1  2 0 .  0 0
1 3 0 . 0 0
1  4 0 .  0 0
1  5 0 . 0 0

1 6 0 . 0 0
1 7 0 . 0 0
1  8 0 .  0 0
1  9 0 . 0 0
2 0 0 .  0 0

2 1 0 . 0 0
2 2 0 . O O
2 3 0 . 0 0
2 4 0 . 0 0
2 5 0 . 0 0

2 6 0 . 0 0
2 7  0  . O 0
2 8 0 . 0 0
2 9 0 . 0 0
3 0 0 .  0 0

2 7 3 . 1  5
2 9 8 . 1 5

0 . 0 1 6
0 . 1 3 9
0 . 4 2 2
0 . 9 1  8
1  . 6 0 1

2 . 4 6 ' , 1
3 .  4 6 3
4 .  5 7 5
5 .  7 3 5
6  . 9 1 2

9 . 2 9 7
r  1  . 6 5 0
1 3  . 9 2 4
1 6 . 1 0 5
1 8 . 1 8 9

2 0 . 1 7  1
2 2  . 0  4 6
23.827
25.537
2 7 . 2 0 1

28.828
3 0 .  4 1  1
3 1 . 9 s 0
3 3 . 4 6 2
3 4 . 9 8 2

36.524
3 8 . 0 7 3
3 9 .  6 0  4
4 1 . 1 4 3
4 2 . 7 2 9

4 4 . 5 1  7
4 6 . 3 0 5
4 9 . 2 1 7
52.662
5 7 . 9 7 6

4 7 . 1 1 e
5 6 . 8 0 8

r . 1 7

0 . 0 0 6
0 . 0 4 5
0 . 1  4 8
0 .  3 3 0
0 . 6 0 6

0 . 9 7 3
1 . 4 2 7
1 . 9 6 0
2 . 5 6 6
3 .  2 3 1

u . 7 0 2
6 .  3 1 3
8 . 0 1 8
9 .  ? 8 5

1  1 . 5 9 0

1 3 .  r r  1 8
1  5 .  2 5 4
1  7 . 0 9 0
1 8 . 9 1 8
2 0 . 7 3 7

2 2 . 5 4 s
2 4 . 3 4 0
2 6 . 1 2 2
2 7 . 8 9 0
29.645

3 1 . 3 8 9
3 3 . 1  2 4
3 4 . 8 5 0
3 6 . 5 6 8
3 8 . 2 8 0

3 9 . 9 8 9
4 1 . 5 9 8
4 3 . 4 3 2
4 5 . 2 1 6
4 7 . 1 0 7

4 2 . 2 4 1
4 6 . 7 5 6
t . 1  4

0 . 0 0 5
0 . 0 3 4
0 . 1 1 2
0 . 2 4 4
0 . 4 4 7

0 . 7 0 8
1 . 0 3 1
1  . 4 0 1
1 . 8 1 9
2 . 2 6 9

3 . 2 4 2
q . 2 7 5
5 . 3 4 0
6 . 4 1 6
7 . q 9 0

8 . 5 5 4
9 .  6 0 1

1 0 . 6 2 7
1  1  . 6 3 1
1 2 . 6 1 4

1 3 . 5 7 7
1  4  . 5 2 1
I  5 .  4 4 5
1 6 . 3 5 s
1 7 . 2 4 8

1 8  . 1  2 9
1 9 . 0 0 1
1  9 .  8 6 3
2 0  . 7  1 8
2 1  . s 6 6

2 2  . 4 1  3
2 3  . 4 7  I
2 4 .  3 s 0
2 5  - 2 7 2
26.297

23.7  49
2 6  . 1  0 6

r . 0 8

0 .  0 0 1
0 . 0 1 1
0 .  0 3 6
0 . 0 8 6
0 .  1 5 9

0 . 2 6 5
0 .  3 9 6
0 . 5 5 9
0 . 7 4 8
o . 9 6 2

1 . 4 6 1
2 . O 3 7
2 . 6 7 8
3 .  3 6 9
4 . 1 0 0

4 . 8 6 4
5 . 6 5 4
6 .  4 6 3
7 . 2 8 7
I  . 1 2 3

8 . 9 6 8
9 . 8 2 0

1 0 . 6 7 6
1 1 . 5 3 5
1  2 . 3 9 7

1  3 . 2 6 0
1  4 . 1 2 4
1 4 .  9  8 7
1  5 . 8 5 1
1 6 . 7 1 4

1 7  . 5 7  6
1  8 . 2 2 0
1  9 . 0 8 2
1  9 . 9 4 4
2 0 .  8 1 0

1 8 . 4 9 2
2 0 . 6 5 0

r . 0 6
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have reported values for the entropy change Sornr.ru - Soo rather than
an absolute value for the entropy of hydromagnesite and nesquehdrrite.
Until the crystal structure of hydromagnesite is determined, its absolute
entropy will remain in doubt. We shall, however, tentatively assume that
hydromagnesite is an ordered compound and thus Srnr.,u is 120.38 +
0.37 cal mol-' K-'. We have also measured (Robie and Hemingway,
unpublished data) the enthalpy of formation of MgCOa'3H,O by
solution calorimetry. The agreement between the Gibbs free energy of
formation obtained from the measured enthalpy and entropy data and
that obtained from the solubility studies of Kline (1929) and P. B.
Hostetler (written communication, April 1970) indicated that Soo for
MgCOr'SHrO is zero. Accordingly the correct value for the entropy'
,So2ss.ru, foruseinthermodynamic calculationsis46.T6 + 0.14 cal mol-'K-'.
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