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Analysis of Cz7 alkenone mixtures by gas chromatography
(GC) with flame ionization detection (FID) and GC coupled
to mass spectrometry (GC/MS) in the chemical ionization
mode (CI) shows that the later is useful for paleotempera-
ture estimation when ammonia is used as reagent gas.
Conversely, the use of isobutane gives rise to UK3;
readings that are dependent on the amount of Cs7 alk-
enones introduced in the system, being unreliable for
paleoclimatic studies. However, ammonia Cl GC/MS may
produce UKz; measurements that deviate from those
obtained by GC-FID, the method calibrated for tempera-
ture estimation from algal cultures and marine sedimen-
tary data. The differences result from changes in relative
sensitivity between the di- and triunsaturated alkenones
and depend on the instrument used and operational
conditions. This problem is solved in the present study
by determination of the response factor linear equations
for each alkenone and their average relative sensitivity (R)
using mixtures of known composition. These parameters
allow the transformation of the GC/MS readings into the
GC-FID equivalents using the following equation: UG =
R x UM/(1 — UM(1 — R)). Examples of the suitability of
this approach are given.

The use of sedimentary Csz; di- and triunsaturated ketones
(heptatriaconta-15E,22E-dien-2-one and heptatriaconta-8€,15E,22E-
trien-2-one, Cs7, and Cs;s, respectively) for the estimation of
sea surface temperatures (SST) during the Quaternary period?
has been one of the most successful developments in organic
geochemistry. This approach is based on the preferential synthesis
of one or two unsaturated compounds by Haptophyceae in
correspondence to the water temperature in which this alga
grows.

A linear relationship between an unsaturation index, UK,
expressed as

U¥,, =1/(1 + A) 1)

where A = C373/Cs7, and growth temperature has been found
from the study of the alkenone composition in cultures of
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Emiliania huxleyi.? Linear UX5;—SST relationships have also been
found when comparing the sedimentary C;; alkenone composition
and averaged SST records throughout the world oceans.3—>

The high specificity of these alkenones as Haptophyceae
biomarkers,® their high concentrations in marine sediments,®57
good resistance to biodegradation,® and oxidative diagenesis,® and
the widespread abundance of the precursor organisms, namely,
E. huxleyi,'? in the marine system!! have promoted the increasing
use of these alkenones as temperature estimators in paleoclimatic
studies. Furthermore, temperature inferences from this estimator
are simple since they depend on the relative composition of Cs;,
and Csa73.

In principle, the analysis of these C;; alkenones in sedimentary
samples does not require sophisticated instrumentation. They are
usually major components of the solvent extracts, and their low
volatility facilitates gas chromatographic separation from most
sedimentary lipids. Therefore, they are currently analyzed by gas
chromatography (GC) with flame ionization detection (FID) after
some sample cleanup. The analytical requirements for the deter-
mination of the UKy index with this procedure have been
considered in previous studies.'213

Alternatively, a method based on GC coupled to mass spec-
trometry (GC/MS) in chemical ionization mode (CI) has also been
proposed.’* In this method, ammonia is used as reagent gas, taking
advantage of the specific formation of ammonium adducts to
alkenones. In contrast with the universal sensitivity properties of
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FID, quantification in this case is based on an alkenone-dependent
specific signal, potentially involving higher selectivity. This method
is particularly suited for paleotemperature studies in areas with
low sedimentary alkenone content where these compounds are
minor constituents of the solvent-extractable neutral lipid fraction
such as the cold regions at high latitudes. In these cases, the Cs;
alkenone peaks do not stand out in the GC-FID trace and
paleotemperature estimation is strongly complicated, requiring
intensive cleanup procedures®? for the elimination of coeluting
compounds.

Unfortunately, the change from universal to specific detectors
may involve some problems of paleotemperature determination
when sensitivity differences between Cs7, and Cs73 are encoun-
tered. As shown in the present study, these sensitivity differences
depend on the instrumental set used for the analyses. Results
obtained with three different CI GC/MS instruments are reported
for description of this problem. In addition, two of these instru-
ments were operated with isobutane for comparison.

Nevertheless, the ammonia Cl GC/MS approach can be used
for paleotemperature estimation in these nonlinear conditions
provided that the sensitivity ratio among both compounds is
determined and adequate transformation equations are used. The
equations required for this transformation are also developed in
the present study.

THEORY
One basic requirement of analytical instrumentation is the

linearity between signal area (S) and analyte concentration (C):

S=aC+b 0)

where a and b are constants for a concentration range.

The measurement of U¥3; involves two compounds, Ca7;, and
Csr3, Which can be measured by GC or GC/MS. Thus, four
sensitivity constants, a,s, asg, axv, and agw, have to be considered

Sy = 86Car2 1 byg (3)
S3e = 36Ca73 T bsg 4)
Som = 8mCarz + by (5)
Sam = 83mCars + by (6)

UKy, is theoretically defined as in eq 1. However, the instrumental
determination of this index is currently performed from direct
measurement of signal areas recorded by GC (most cases) or GC/
MS. Thus, the important question is how to get true concentration
ratios from the measured peak ratios. In practical terms, equations
relating the U¥3; indexes calculated from these two types of signal
areas, UG and UM, respectively, need to be developed. From eqs
3-6

UG = S'567(S'56 + S'36) = @6Cs70/ (356Cs7. + 836C379)

©)
UM = S')/(S'ym 1 S'am) = aomCar0/ (8omCar2 + @3wCari3)

®

where S'; = S; — b, for i = 2G, 3G, 2M, and 3M.

From eqgs 7 and 8

Cs73/Cs7 = (8567/a36) (/UG — 1) =
(aym/azy) (/UM — 1) (9)

Equation 9 relates the U¥3; indexes calculated from GC and
GC/MS signal areas for the generalized case in which Cs7.3 and
Cs72 have different sensitivity constants. This equation can be
converted into more operational expressions such as

UM = UG/(R + UG(1 — R)) (10)
UG =R x UM/(1 — UM(1 — R)) (11)

where R = (aZGa3M)/(aZMa3G).

The R value can be defined as relative sensitivity. This term is
constant as consequence of the proportionality rule between signal
and compound concentration (eqs 2—6). Currently, a,c/ass will
be equal to unity because of the universal properties of the flame
ionization detector. Thus, R will normally depend on the a;u/asu
values, that is, the GC/MS sensitivity ratio between di- and
triunsaturated alkenones. Thus, in practical terms

R =agu/am 12)

although this restriction is not needed for the present mathemati-
cal development.

As indicated by eqgs 10 and 11, the correspondence between
UG and UM is not linear (Figure 1). The deviations between both
values are higher at medium UK3; values (UK3; ~0.3—0.5) and
minimal at the extremes (0.1 > UK3; > 0.9). The differences are
higher as highest is the difference in sensitivity between both
alkenones. Obviously, for R = 1, both U¥3; are identical.

Once the instrumental conditions have been established, e.g.,
calibration, reagent gas pressure, etc., the R constant can be
calculated from the measurement of UG and UM from a series of
alkenone standards or reference samples. For this purpose, eq
10 can be transformed into the following form:

R = (UG — UM xUG)/(UM — UM x UG)  (13)

Thus, calculation of R for each alkenone mixture of the series
of standards provides different values that can be finally averaged.
The uniformity of these values provide an estimation of the
linearity of the Cs;3 and Cs7, alkenone signals under the
instrumental conditions selected for analysis.

Since all equations relating U¥3; and SST have been calibrated
with GC measurements,2~° deviations of UM from UG will involve
estimation errors that need to be evaluated. These can be
calculated from eq 10 or 11.

E=UM — UG (14)

and
E=UM{1 - R)(1 —UM)/(1 —UM(1—R)) (15
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Figure 1. Theoretical differences in U¥3; measurements by GC-FID and GC/MS (eq 10) for Cs7» and Ca7:3 alkenones exhibiting different
relative sensitivities to GC/MS (R between 0.333 and 3; eq 12). The error function is calculated as described in eq 15.

E provides the differences between both measurements in UKy
relative units, UM in this case. These differences depend on the
U¥3; readings (Figure 1) since different proportions of both
alkenones are involved in each measurement. As expected, E is
larger as R is deviates more from unity. Thus, GC/MS instruments
will provide larger deviations from the GC measurements the
higher their sensitivity difference for Cs7, and Cgrs.

EXPERIMENTAL SECTION
Materials. Residue-analysis isooctane was from Merck (Darm-

stadt, FRG). The synthetic alkenone standards, heptatriaconta-
15E,22E-dien-2-one and heptatriaconta-8E,15E,22E-trien-2-one, were
kindly provided by Prof. Maxwell (Organic Geochemistry Group,
University of Bristol).1

Sample Handling. After addition of an internal standard of
n-hexatriacontane, sediments (2—3 g) were extracted three times
in an ultrasonic bath (20 min) with 3 x 10 mL of dichloromethane.
The extracts were collected together and evaporated to dryness
under a nitrogen stream. The evaporated extracts were dissolved
with 3 mL of 6% potassium hydroxide in methanol and stored
overnight. Nonacidic compounds were recovered by extraction
with n-hexane (3 x 3 mL). The resulting extracts were cleaned
by stirring with water (1 mL) for the elimination of possible KOH
traces. Prior to instrumental analysis, the extracts were concen-
trated under a gentle stream of nitrogen and derivatized overnight
with bis(trimethylsilyl)trifluoroacetamide at room temperature.

Gas Chromatography. GC analyses were performed using a
Varian STAR 3400 CX (Varian, CA) equipped with a septum
programmable injector and a flame ionization detector. Alkenones
were separated in a 50 m x 0.32 mm i.d., 0.12-um film thickness
CPSIL-5 CB column (Chrompack, Middleburg, The Netherlands).
Hydrogen was the carrier gas (50 cm/s). Oven temperature was
programmed from 90 (held 1 min) to 140 °C at 20 °C/min, then
to 280 °C at 6 °C/min (held 25 min), and finally to 320 °C at 10
°C/min (held 6 min). The injector was programmed from 90 (held
0.3 min) to 320 °C at 200 °C/min (final holding time 55 min).
Detector temperature was 320 °C.

Gas Chromatography/Mass Spectrometry. Three GC/MS
instruments were used for the analyses of the Cj; alkenones in

(15) Rechka, J. A.; Maxwell, J. R. Org. Geochem. 1988, 13, 727—734.
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the chemical ionization mode: (1) Varian STAR 3400 coupled with
a Finnigan INCOS XL, (2) Fisons MD 800 (ThermoQuest,
Manchester, U.K.), and (3) Hewlett-Packard HP5890 Il coupled
to a HP5988A (Palo Alto, CA). The gas chromatographs of these
instruments were equipped with a 30 m x 0.25 mm i.d. HP-5-MS
column (0.25-um film thickness) and a split/splitless injector.
Injection (280 °C) was in splitless mode (hot needle technique)
keeping the split valve closed for 48 s (1.5 min in instrument 3).
Helium was used as carrier gas (1 mL/min). In instrument 1, oven
temperature was programmed from 90 (held 1 min) to 300 °C at
15 °C/min (held 25 min). In instruments 2 and 3, oven temper-
atures were programmed from 90 (held 1 min) to 120 °C at 15
°C/min and then to 310 °C at 10 °C/min (held 20 min).

Transfer line temperatures were 300 (instruments 1 and 3) and
280 °C (instrument 2). lon source temperatures were 130 (instru-
ment 1) and 150 °C (instruments 2 and 3). Mass fragmentograms
were recorded in positive chemical ionization mode using am-
monia (m/z = 546, 548; instruments 1—3) and isobutane (m/z =
511, 513, 529, 531, instruments 1 and 3). Instruments 1 and 3 were
also operated in full scan. lon source reagent gas pressures were
adjusted to obtain the maximum yield of the pseudomolecular ions
of the Cy; alkenones, 1.8 and 1 Torr for ammonia and isobutane,
respectively.

RESULTS AND DISCUSSION

Mass Spectral Data. The Cl mass spectra obtained with
ammonia and isobutane as reagent gases are reported in Figure
2. The former are constituted by the pseudomolecular ion [M +
NH,]*™ (m/z 548 and 546 for Cs;, and Cg;3, respectively) without
any other significant fragmentation. These spectra are coincident
with those previously reported,’* particularly for Csz7,. In this
previous study, the mass spectra of Cs;3 exhibited a [M — 18]*
fragment of low intensity (~8%) which is not observed in Figure
2.

The isobutane mass spectra are also dominated by the
pseudomolecular ions [M + H]* (m/z 531 and 529 for Cs7, and
Csr3, respectively), but in contrast, both compounds exhibit
fragments of significant intensity such as [M — H,0O + H]* (m/z
513 and 511 for Cs7, and Cg;3, respectively). The relative intensity
of this fragment is considerably higher in the case of Cs7.
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Figure 2. Mass spectra of the Cz7» and Cs7.3 alkenones under
chemical ionization with ammonia and isobutane as reagent gases.

Table 1. Relative Sensitivities of the Cz7 Alkenones
(C37:3/C37:2) upon Analysis with GC/MS Cl Mode Using
Ammonia and Isobutane as Reagent Gases

reagent gas

ammonia isobutane
instrument 10 ng? 100 ng@ 10 ng? 100 ng?
MD800 0.56 0.54
HP5988 0.76 0.76 0.43 0.21
INCOS-XL 0.96 1.0 0.62 0.31

a Total amount of Cs;.

The use of these specific pseudomolecular ions in mass
fragmentography provides higher selectivity than GC-FID. They
allow the quantification of the alkenones even when they are
hardly detectable in the GC profiles.

Sensitivity Effects. Significant changes in relative sensitivity
between both Cs; alkenones are observed when analyzed by the
above-described Cl GC/MS methods (Table 1). The variability is
higher with isobutane, which is probably a consequence of the
higher fragmentation of Cs;3 under ionization with this reagent
gas (Figure 2). Furthermore, comparison of the results obtained
for different alkenone amounts introduced in the system (Table
1) shows a dependence of relative sensitivities from total injected
alkenones. In contrast, ammonia provides lower sensitivity devia-
tions, probably as a consequence of the lower alkenone fragmen-
tation with this reagent gas (Figure 2). In this case, no significant
dependence between relative sensitivity and alkenones injected
into the system is observed.

According to the Theory section, these changes in relative
sensitivity are reflected in UK3; deviations, which increase with
the magnitude of the response factor differences of the two

alkenones. Therefore, CI GC/MS measurement of the Cs; alk-
enone composition will lead to values deviating from those
obtained from the analysis of the same mixtures with GC FID
(the most currently used method). These sensitivity effects are
illustrated in Figure 3 for a standard alkenone mixture (UKs; =
0.736), which was repeatedly analyzed at several concentration
ranges.

As evidenced in this figure, the use of isobutane as reagent
gas gives rise to a strong dependence of the resulting U¥s; values
from alkenone amount. This dependence greatly complicates the
use of ClI GC/MS with isobutane for paleotemperature estimation
with the alkenone method since axy and azy in eqs 5 and 6 are
not constant in this case.

Ammonia also provides values deviating from the GC FID
determinations (Figure 3), but in contrast, they do not exhibit
significant dependence from the alkenone amount introduced in
the system. These constant values can be used for paleotempera-
ture estimation provided that adequate corrections for instrumen-
tal effects are introduced, e.g., ion source temperature and reagent
gas pressure.

In terms of UX3; dispersion, the CI GC/MS exhibits lower or
equal standard deviation than GC measurements when isobutane
and ammonia are used (Figure 3). This aspect also facilitates the
use of ClI GC/MS with ammonia for paleotemperature estimation.

Correction of Ammonia Cl GC/MS and GC-FID Sensitivity
Differences. Further assessment on the usefulness of the previ-
ously reported equations is provided by ammonia CI GC/MS and
GC-FID analysis of a series of standard mixtures covering most
of the UKy, range. However, this comparison requires not only
the measurement of the relative sensitivity coefficient (R; eqs 12
and 13) but the intercept of the response factor linear equations
(b; egs 3—6). As shown in Figure 4, the linear relation between
analyte amount and ClI GC/MS area signal has a significant
intercept that normally exhibits negative values (in the order of
35—55% of the slope signal at 5 ng). This term is also observed in
GC-FID (egs 3 and 4) although at significantly lower values (on
the order of 5—15% of the slope signal at 5 ng). In this later case,
this term is consistent with the gas chromatographic adsorption
effects described in a previous study.’® In contrast, the higher
intercept value of CI GC/MS indicates the concurrence of other
effects reinforcing its significance in the response factor equations
(egs 5 and 6).

In practice, once the instrumental conditions are defined, UKy,
measurement by CI GC/MS requires the calibration of the
response factor with Csz, and Cs;3 standards (Figure 4) for
inclusion of the intercept in the calculations (eqs 7 and 8). This
calibration is also recommended for GC-FID analysis although in
this latter case this requirement is not so important due to the
lower relative proportion of the intercept. However, the analyst
should be aware of the operational conditions avoiding deviations
of the UX3; measurements related to adsorption effects.!3

The good agreement between theoretical and experimental
results is shown in Figure 5 for a series of standard mixtures
covering a wide range of UK3; indexes. These mixtures have been
analyzed with various ClI GC/MS instrumental settings (Figure
3) giving rise to relative sensitivity indexes (R) such as 0.72, 1.05,
and 1.42 upon comparison of the UM and UG values. These R
values are currently encountered in the analysis of alkenones by

Analytical Chemistry, Vol. 72, No. 24, December 15, 2000 5895



AMMONIA ISO-BUTANE
0.95 0.95
0.9 4 0.9
HP5988
0.85 - MD&00 0.85
~ X=X
L] XX
X x/x INCOS-XL
08 1 D\—n/n\n HP5988 08
INCOS-XL
0.75 0.75 |
GC-FID GC-FID
07 ‘ ‘ 07 ; ‘
1 10 100 1000 1 10 100 1000
0.02 0.02
GC-FID
_ 0015 | GC-FID 0.015 |
2 HP5988
el
F
3 01 INCOS-XL 001 |
T X ;
3
§ MD-800
0.005 - 0.005 -
D\% INCOS-XL
HP5988 x\/"\x
0 ‘ ; 0 ‘ ‘
1 10 100 1000 1 10 100 1000

total alkenones (pg)

total alkenones (pg)

Figure 3. (K37 indexes obtained from the analysis of a standard alkenone mixture (UK3; = 0.736) using several GC/MS instruments with
ammonia and isobutane as reagent gases. The results obtained with GC-FID are also shown for comparison.
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Figure 4. Curve-fitted straight lines showing the linearity of the response factor upon analysis of C37.3 and Cs7.2 by ammonia Cl GC/MS. The

independent ordinate is significant at low alkenone amounts.

Cl GC/MS. The equations developed in this study are also useful
for the prediction of the differences between UM and UG indexes
(Figure 5). As indicated by eq 15, the differences are higher at
intermediate U3, values where deviations up to 0.09 can be
observed. These deviations are important since they represent
intervals of 2.7 °C when transformed into paleotemperatures,?®
and this difference is very relevant in terms of paleoclimatic
interpretation.
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In any case, the nonlinear relationship between the two
instrumental UX3; indexes can be described by the equations
developed in the present study and does not involve any restriction
for the use of ammonia CI GC/MS for paleotemperature deter-
mination. Some examples of their application to samples from the
North Atlantic Ocean, the Equatorial Pacific Ocean, and the South
China Sea are shown in Table 2. In all cases, transformation of
UM into UG using eq 11 and comparison with UG obtained by



EXPERIMENTAL VALUES

0,9
0,8
07
R=072
0,6
0,5 1.42
0,4 1.05

0,3 4

GC-MS MEASURED UK37

0.2 1
0,1 4

0 0,2 0,4 06 028
GC MEASURED UK37

ERROR

0.72

UK37gcms-UK37gc
(=]

0 02 04 06 08 1
GC-MS MEASURED UK37

Figure 5. Comparison of the differences in U¥3; values resulting from the analysis of alkenone mixtures with GC-FID and ammonia Cl GC/MS
(x points). The results are plotted together with the theoretical curves (solid line) obtained from egs 11 and 15 after calculation of the average

relative sensitivity (eq 13).

Table 2. Correction of the UX37 Values Measured by Ammonia Cl GC/MS to the Equivalent GC Determinations

sample site GC/MS values transformation to GC? GC readings difference
MD952037 1520 cm North Atlantic Ocean 0.5730 0.5518 0.5533 0.0014
MD952037 1348 cm North Atlantic Ocean 0.6510 0.6312 0.6236 0.0076
XX365 Equatorial Pacific Ocean 0.6759 0.6568 0.6528 0.0040
17964—2 260 cm South China Sea 0.8955 0.8872 0.8874 0.0003

a Using eq 11 in the Theory section.

direct GC-FID measurement gives rise to deviations well below
0.0165, the alkenone range for 0.5 °C error.13

CONCLUSIONS
Cl GC/MS with ammonia as reagent gas is an adequate

technique for paleotemperature estimation in samples requiring
a selective analysis of C3; alkenones due to interfering compounds.
The use of this technique may give rise to U¥3; measurements
that deviate from those obtained by GC-FID. The differences are
due to the changes in CI GC/MS relative sensitivity between the
two alkenone compounds, Csz, and Csr3, and depend from the
instrument used and operational conditions. However, these GC/
MS values can easily be transformed into the GC-FID equivalents
using the equations developed in the present study. For this
purpose, the instrument should be calibrated with a reference
series of standards encompassing the same or a larger UK3; range
as that in the samples of study. This series must be used to
determine the constants of the response factor linear equations,
namely, the intercept and the average relative sensitivity (eq 13),
which are the constants involved in the transformation equation

(eq 11).

Conversely, ClI GC/MS with isobutane as reagent gas does
not provide independent UK3; measurements from the amount of
Cs7 alkenones introduced in the system. The higher fragmentation
of Cs73 with respect to Cs7; involves strong changes in relative
sensitivity, and the resulting U¥3; measurements are not useful
for paleotemperature estimation.
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